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SECTION  1.0 

INTRODUCTION  AND  SUMMARY 


This  report  describes  results  of  several  related  studies  of 
ionizing  radiation  effects  on  silicon  MOS  devices.  Emphasis  is 
placed  on  determining  the  mechanisms  of  the  interaction  of  ioniz- 
ing radiation  with  MOS  structures  with  a view  toward  gaining  under 
standing  of  benefit  to  developers  of  radiation-tolerant  devices  . 
Section  2.0  describes  results  of  a study  of  charge  transport  and 
charge  buildup  in  SiC>2  films  at  low  temperatures.  In  Section  3.0, 
a detailed  description  of  a multiple -trapping  model  for  hole  trans- 
port in  Si02  is  presented.  Section  4.0  deals  with  low -temperature 
phenomena  in  irradiated  MOS  devices  and  includes  a discussion  of 
hardening  approaches  for  operation  at  such  temperatures.  In  Sec- 
tion 5.0,  results  of  an  extensive  study  of  ionizing  radiation  effects 
on  silicon-on-sapphire  devices  are  described.  The  remainder  of 
the  present  section  summarizes  major  findings  reported  in  this 
document. 

Studies  of  the  temporal,  temperature,  and  electric -field  de- 
pendences of  radiation  induced  charge  transport  have  been  per- 
formed for  radiation -hardened  SiO^  films.  At  room  temperature 
for  high  applied  fields,  nearly  all  electrons  and  holes  generated  in 
the  oxide  by  a pulse  of  ionizing  radiation  (5-keV  electrons)  drift  to 
the  interfaces,  whereas  at  low  temperatures  only  electrons  contrib 
ute  to  observed  transport  for  relatively  low  fields.  Below  ^130°X 
at  high  fields,  field-induced  emission  of  trapped  holes  occurs,  giv- 
ing rise  to  collection  within  seconds  of  a significant  fraction  of  the 
total  number  of  holes  generated.  The  present  hole  transport  data 
are  accounted  for  quite  well  in  terms  of  a multiple -trapping  model 
with  a spread  in  trap  levels  ranging  from  ~0.  3 to  -vO.  5 eV  from  the 
valence  band.  Comparison  with  the  stochastic  hopping  transport 
model  is  made  and  that  model  is  found  to  be  less  satisfactory  in 
explaining  these  data.  Charge  buildup  was  examined  in  a Co en- 
vironment and  it  is  demonstrated  that  oxides  exhibiting  radiation 
tolerance  at  room  temperature  display  severe  radiation -induced 
changes  at  77°K.  It  is  also  demonstrated  that  low-temperature 
charge  buildup  problems  can  be  alleviated  either  by  employing  an 
ion-implanted  oxide  or  by  applying  a relatively  high  field  to  the 
oxide  during  irradiation. 
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An  understanding  of  the  charge  transport  process  in  SiC^  is 
vital  to  an  understanuing  of  radiation  effects  in  MOS  effects.  To 
account  for  hole  transport  in  SiC^  below  room  temperature,  a 
stochastic  hopping  transport  (or  Continuous  Time  Random  Walk 
(CTRW)  ) model  has  been  employed  by  others  with  considerable 
success.  We  have  developed  an  alternate  model  which  explains 
many  experimental  data  in  an  even  more  satisfactory  fashion.  This 
model  is  based  on  multiple -trapping  at  a continuum  of  trapping 
levels,  the  concentrations  of  which  decrease  exponentially  with  en- 
ergy from  the  valence  band  edge.  Adjusting  rate  parameters  in  the 
differential  equation  describing  the  multiple -trapping  process  and  a 
parameter  describing  the  width  of  the  exponential  trap  distribution 
results  in  a good  fit  to  the  measured  dependence  of  collected  charge 
versus  time  following  pulsed  excitation  at  a single  temperature. 

With  no  adjustment  of  parameters  with  temperature,  the  following 
results  were  obtained:  (1)  charge  collection  curves  at  other  temper- 
atures were  accurately  predicted;  (2)  the  magnitudes  and  features  of 
the  time  dependence  of  hole  current  extending  over  five  orders  of 
magnitude  in  current  and  six  orders  of  magnitude  in  time  were  ac- 
curately predicted;  (3)  the  magnitude  of  apparent  activation  energy 
and  its  spread  in  time  were  accurately  predicted  from  behavior  at 
a single  temperature.  It  is  submitted  that  the  multiple -trapping 
model  is  superior  to  the  CTRW  model  in  explaining  hole  transport 
in  SiC>2  films,  at  least  for  the  particular  material  and  experimental 
conditions  analyzed. 

Experiments  and  analyses  have  been  performed  which  relate 
to  ionizing  radiation  effects  on  MOS  devices  at  low  temperatures. 
This  work  is  described  in  detail  in  Section  4.0  and  is  an  extension 
of  certain  aspects  of  that  presented  in  Section  2.0.  In  particular, 
hardening  approaches  for  low -temperature  applications  of  MOS  are 
considered.  Analysis  of  the  effects  of  ion  implantation  on  charge 
buildup  in  SiO^  films  at  low  temperatures  is  presented.  Experi- 
mental results  for  the  dependence  of  flatband  voltage  shift  at  77°K 
on  applied  field  are  described  and  models  for  explaining  observed 
behavior  are  considered.  Positive  charge  buildup  in  irradiated 
MOS  devices  at  low  temperatures  is  explained  in  terms  of  the  de- 
pendence of  carrier  yield  on  applied  field  and  hole  transport  at 
relatively  high  fields. 

A detailed  study  of  ionizing  radiation  effects  on  SOS  devices 
has  been  performed  using  two  radiation  sources:  Co®0  and  a scan- 
ning electron  microscope.  Most  of  the  experiments  were  performed 
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on  custom  n-channel  transistors  with  both  wet  and  dry  radiation- 
hardened  gate  oxides.  Data  were  also  obtained  for  hardened  CMOS/ 
SOS  inverters  fabricated  by  three  manufacturers.  Emphasis  in 
this  investigation  was  placed  on  the  study  of  radiation-induced 
back -channel  leakage  current,  and  a comparison  of  behavior  for 
wet-  and  dry-oxide  devices  is  made.  Threshold  voltage  shifts  and 
channel  mobility  degradation  were  also  examined. 

60 

Measurements  of  threshold  voltage  shift  in  a Co  environ- 
ment demonstrated  both  wet-  and  dry-oxide  devices  to  be  quite 
radiation  tolerant  in  terms  of  changes  in  that  parameter.  Under 
worst-case  biasing  conditions,  the  maximum  value  of  threshold 
shift  observed  up  to  107  rads(Si)  was  1.3V.  Effects  of  radiation- 
induced  interface  states  were  considerably  more  significant  in  wet 
devices  than  in  their  dry  counterparts.  In  studies  of  channel  mo- 
bility degradation,  changes  in  this  quantity  at  107  rads  were  in- 
significant for  dry  transistors  but  for  wet  units  post-irradiation 
mobilities  at  that  same  dose  ranged  from  "^40  to  ^70%  of  initial 
values.  Such  reductions  are  qualitatively  consistent  with  the  inter- 
face state  effects  observed  for  wet-oxide  devices  in  threshold 
voltage  studies. 


In  back -channel  leakage  current  studies,  several  significant 
observations  were  made.  Leakage  currents  in  the  dry-oxide  tran- 
sistors investigated  are  approximately  two  orders  of  magnitude 
larger  than  in  wet  devices  both  before  and  after  irradiation.  These 
findings  are  interpreted  in  terms  of  differing  densities  of  identical 
traps  in  the  two  device  types.  At  room  temperature,  radiation- 
induced  leakage  current  varies  as  (dose)^1  ^ for  wet  and  dry  de- 
vices at  doses  less  than  that  for  which  leakage  current  saturation 
is  observed.  The  variation  of  leakage  current  with  temperature 
in  both  irradiated  and  unirradiated  devices  is  attributed  to  the  de- 
pendence of  back-channel  mobility  on  both  temperature  and  inver- 
sion-layer carrier  density.  For  an  unirradiated  wet-oxide  tran- 
sistor at  room  temperature,  in  addition  to  this  back-channel 
"mobility  mechanism,  " thermal  generation  in  the  drain  depletion 
region  also  appears  to  be  important  in  giving  rise  to  leakage  cur- 
rent. A process  of  radiation-induced  reduction  of  back-channel 
leakage  current  was  observed.  This  reduction  of  1^  to  near  its 
pre -irradiation  value  is  accomplished  by  irradiating  a device  with 
V(jg  = 0.  A cycling  experiment  showed  that  this  process  can  be 
repeated,  which  suggests  that  periodic  reduction  of  V^g  to  zero 
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to  cause  a reduction  in  is  a potential  remedy  for  leakage  cur- 
rent problems  in  SOS  devices  employed  in  a space  radiation 
environment . 

Scanning-electron-microscope  studies  on  SOS  devices  indicate 
that  injection  of  electrons  from  Si  into  AI2O3  where  they  recom- 
bine with  trapped  holes  is  the  mechanism  of  radiation-induced  re- 
covery. However,  if  all  trapped  holes  are  located  at  the  Al^O^ 
interface  and  are  not  distributed  spatially  into  the  sapphire,  then 
we  cannot  rule  out  radiation-induced  hole  depopulation  as  the 
dominant  mechanism.  SEM  studies  as  a function  of  beam  energy 
also  demonstrate  conclusively  that  energy  must  be  deposited  in  the 
sapphire  before  significant  increases  in  back-channel  leakage  cur- 
rent will  be  observed.  The  process  of  radiation-induced  reduction 
of  was  also  observed  in  measurements  on  radiation-hardened 
CMOS  inverters.  In  fact,  post-recovery  leakage  currents  were 
often  observed  to  be  less  than  pre -irradiation  values.  Studies  of 
the  Si-Al2C3  interface  based  on  C-V  measurements  and  transient 
current  techniques  have  also  been  performed  and  preliminary 
findings  are  described. 
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SECTION  2.0 


RADIATIGj.-.  TNDUCED  CHARGE  TRANSPORT  AND  CHARGE 

BUILDT.  N SiOz  FILMS  AT  LOW  TEMPERATURES" 

2.1  INTRODUCTION 

Silicon  MOS  devices  are  presently  being  utilized  in  applica- 
tions requiring  low  temperature  operation.  For  example,  extrin- 
sic silicon  detector  arrays  for  infrared  imaging  will  typically 
need  to  be  cooled  to  temperatures  less  than  100°K,  and  these  ar- 
rays may  incorporate  charge  transfer  devices  on  the  same  chip 
as  the  detector  elements.  Behavior  of  an  MOS  device  operated 
at  low  temperatures  in  an  ionizing  radiation  environment  is  quite 
different  from  that  at  room  temperature.  3*7  in  an  attempt  to  gain 
increased  understanding  of  the  mechanisms  of  low-temperature 
radiation  effects  in  MOS  devices  and  thereby  anticipate  problems 
for  circuits  operated  under  such  conditions,  we  have  performed 
a detailed  study  of  charge  transport  in  radiation -hardened  Si02 
films  as  a function  of  temperature,  electric  field,  and  time  fol- 
lowing a pulse  of  ionizing  radiation.  Charge  buildup  was  also  ex- 
amined and  it  is  demonstrated  that  oxides  exhibiting  radiation 
tolerance  at  room  temperature  display  severe  radiation -induced 
changes  at  77°K. 
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It  is  of  current  interest  to  determine  the  specific  mechanisms 
of  hole  transport  in  SiC>2  films.  A frequently  postulated  model  for 
transport  in  insulators  involves  motion  of  a carrier  in  the  valence 
band  between  detrapping  and  trapping  events.  In  this  multiple- 
trapping description,  a range  of  trap  levels  may  be  effective,  with 
the  deeper  traps  dominating  behavior  at  longer  times  following 
carrier  excitation.  An  alternative  explanation,  involving  stochas- 
tic hopping  transport  between  localized  sites,  ® has  been  invoked 
by  Boesch  et  al.  to  account  for  hole  conduction  in  amorphous 
SiC>2-  The  present  work  provides  information  of  value  in  deciding 
upon  an  appropriate  transport  model. 


2.  2 EXPERIMENTAL  CONSIDERATIONS 


MOS  capacitors  fabricated  at  Hughes  Aircraft  on  an  n-type 
silicon  wafer  (^1  ohm-cm  with  (100)  orientation)  were  used  as 
test  vehicles.  These  units  contained  a radiation -hardened  dry 
thermal  Si02  film  of  the  type  developed  by  Aubuchon.  The  ox- 
ide layer  was  grown  at  1000°C  to  a thickness  of  0.135  pm  and  no 
N2  anneal  was  performed.  Following  deposition  of  aluminum 
(0.105  pm  thickness)  from  a clean  graphite  crucible,  the  wafer 
was  sintered  in  N^  for  20  min  at  500°C.  (Capacitors  from  this 
same  wafer  have  been  utilized  in  previous  charge  transport  and 


charge  buildup  studies  at  these  laboratories 
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Electron -hole  pairs  were  generated  in  the  SiC^  layer  of  an 
MOS  capacitor  using  a pulse  of  low-energy  electrons.  The  pulse - 
width  was  typically  on  the  order  of  10  ps  and  the  electron  beam 
energy  was  typically  5 keV.  The  amount  of  energy  deposited  in 
the  oxide  per  electron  pulse  was  less  than  or  equal  to  •'-80  rads 
(Si).  Charge  transport  in  the  oxide  was  monitored  as  a function 
of  time  following  the  bombarding  pulse  using  a current  integrator. 

^H.  E.  Boesch,  Jr.,  F.  B.  McLean,  J.  M.  McGarrity,  and 
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Electron  beam  current  was  determined  using  a Faraday  cup. 
Measurements  of  charge  transport  were  performed  over  the  tem- 
perature range  from  90  to  303°K  for  field  strengths  up  to  4 x 10° 
V/cm  (Al  electrode  positively  biased  - silicon  surface  accumulated). 
It  was  desirable  to  obtain  complete  characterization  of  each  spec- 
imen. Since  hundreds  of  pulses  were  required,  minimization  of 
the  cumulative  charge  buildup  necessitated  the  use  of  the  mini- 
mum excitation  level  permitting  accurate  measurements . Sample 
current  measurements  were  made  by  using  a Burr -Brown  3523L 
electrometer  operational  amplifier  and  procelain  feedback  capaci- 
tor in  a current-integrating  configuration.  Measurement  sensi- 
tivity extended  to  about  1 fA  by  virtue  of  bias  current  compensa- 
tion, temperature  stabilization  of  the  amplifier,  and  temperature 
control  of  the  sample  to  within  0.04°C.  The  quiescent  sample 
leakage  current  under  high  bias  (on  the  order  of  0.  1 pA)  was  also 
compensated  for,  so  that  only  the  beam-induced  signal  was  ob- 
served. (A  detailed  description  of  the  experimental  apparatus  is 
given  in  Reference  13.  This  apparatus  is  a refined  version  of  that 
used  in  previous  charge  transport  studies.  ) 

Knowledge  of  the  energy  deposition  profile  and  the  pair  crea- 
tion energy  for  SiO£  allows  calculation  of  the  maximum  amount  of 
charge  transport  that  can  occur  in  our  test  specimens.  This  con- 
dition will  occur  when  all  electron -hole  pairs  generated  in  the 
SiO^  are  separated  and  drift  to  the  electrodes  (oxide  boundaries). 
Energy  deposition  profiles  were  determined  based  on  the  work  of 
Everhart  and  Hoff  ^ 3 for  both  3.  5-  and  5-keV  electrons  impinging 
on  the  MOS  structure  studied  here.  Using  the  5-keV  profile  and 
a pair  creation  energy^’  ^ of  18  eV  we  find  that  the  calculated 
maximum  ratio  of  integrated  oxide  current  to  integrated  beam 
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current  is  109.  Thus,  if  the  measured  charge  multiplication  fac- 
tor, or  "gain",  equals  109,  then  presumably  all  carriers  excited 
in  the  oxide  layer  reach  the  electrodes  and  none  recombine  in  the 
bulk.  By  presenting  experimental  data  in  terms  of  gain  versus 
time,  temperature,  and  field,  one  can  readily  estimate  for  a given 
situation  the  fraction  of  generated  charge  that  has  been  trapped  or 
has  recombined  and  the  fraction  that  has  been  transported. 

Although  measurements  were  performed  on  several  MOS 
capacitors  from  the  same  wafer,  most  of  the  charge  transport 
data  presented  here  were  obtained  on  the  same  sample  (“4).  These 
data  were  representative  of  those  for  the  wafer  studied  and  con- 
stitute a comprehensive,  consistent  set  of  measurements  which 
form  the  basis  for  interpretations  given  below  regarding  the  mech- 
anisms of  low-temperature  charge  transport  in  SiC^  films. 

2.3  EXPERIMENTAL  RESULTS 
2.3.1  Charge  Transport 

Charge  transport  findings  at  303°K  are  presented  in  Figure  1 
where  gain  is  plotted  versus  time  following  pulsed  bombardment 
for  various  values  of  applied  voltage.  (Time  is  referenced  to  the 
beginning  of  the  pulse.)  Negligible  additional  charge  transport  is 
evident  over  the  time  regime  examined  except  at  the  earliest 
times  for  relatively  low  applied  voltages.  At  54V  (4  x 10^J  V/cm), 
the  observed  gain  is  103,  as  compared  to  a predicted  maximum 
of  109,  and  is  invariant  with  time.  Apparently  all  carriers  that 
can  be  collected  at  this  field  are  swept  out  in  a time  short  com- 
pared to  the  bombarding  pulsewidth.  Since  the  observed  gain  at 
54V  is  not  yet  saturated,  a portion  of  the  generated  pairs  may 
have  undergone  geminate  and/or  columnar  recombination  ^ ^ 
and  this  may  explain  why  transport  of  only  ''-95%  of  the  excited 
carriers  is  observed.  We  also  note  that  systematic  errors  in  the 
experiment,  such  as  in  the  measurement  of  aluminum  and  oxide 
thickness,  as  well  as  in  the  knowledge  of  energy  deposition  pro- 
file, could  affect  both  the  experimental  and  theoretical  values  of 
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Figure  1.  Gain  at  303°K  vs  time  following  pulsed 
bombardment  for  an  MOS  capacitor  with 
various  values  of  applied  voltage.  Gain 
is  a quantity  proportional  to  the  amount 
of  charge  transport  in  the  oxide  and  is 
equal  to  the  ratio  of  integrated  oxide  cur- 
rent to  integrated  electron-beam  current. 
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gain,  perhaps  at  the  5%  level.  Random  errors,  on  the  other  hand, 
were  kept  to  typical  values  of  2-3%  by  statistical  averaging  of 
data . 


In  keeping  with  observations  at  lower  temperatures  (discussed 
below)  the  early-time  low-field  transport  evident  in  Figure  1 is 
attributed  to  hole  motion.  Note  that  at  1 ms  charge  transport  is 
essentially  complete  at  all  fields.  In  our  previous  room  tempera- 
ture studies  on  samples  from  the  same  wafer,  ^ we  integrated 
the  oxide  current  for  -^1  ms;  it  is  seen  here  that  the  use  of  longer 
integration  times  was  not  necessary.  The  situation  is  quite  dif- 
ferent at  lower  temperatures  as  illustrated  in  Figure  2 where  gain 
at  173°K  versus  time  is  presented  with  applied  voltage  as  a param- 
eter. Considerable  transport  is  noted  for  times  longer  than  1 ms. 
Charge  motion  evident  in  Figure  2 is  attributed  to  the  relatively 
slow  transport  of  holes  . (For  49V  applied,  the  energy  deposited 
per  5-keV  electron  pulse  was  varied  over  the  range  from  a factor 
of  five  greater  to  an  order  of  magnitude  lower  than  the  typical 
dose  of  80  rads  used  in  this  study.  The  magnitude  and  time  de- 
pendence of  gain  were  observed  to  be  insensitive  to  beam  inten- 
sity variations  over  this  range.)  Note  that  the  maximum  (highest- 
field)  observed  gain  at  173°K  is  very  close  to  that  noted  at  303°K, 
indicating  comparable  charge  transport  for  both  cases. 

Charge  transport  data  obtained  at  90°K  are  shown  in  Figure  3. 
At  relatively  low  fields,  negligible  additional  transport  is  ob- 
served over  the  entire  time  regime  examined.  At  high  fields, 
significant  transport  is  noted  at  relatively  long  times.  Similar 
behavior  was  observed  up  to  ^130°K  and  is  indicative  of  a temper- 
ature-independent field-induced  emission  process  for  hole  trans- 
port below  this  temperature.  (Hole  transport  in  SiO^  at  low  tem- 
peratures has  also  been  reported  by  other  researchers.^’^)  This 
effect  is  more  clearly  illustrated  in  Figure  4 where  the  dependence 
of  gain  at  90°K  on  applied  field  is  shown  for  several  integration 
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Figure  2.  Gain  at  173  K vs  time  following  pulsed 
bombardment  with  applied  voltage  as  a 
parameter  for  an  MOS  capacitor . 


Figure  3.  Gain  at  90  K vs  time  following  pulsed 
bombardment  with  applied  voltage  as  a 
parameter  for  an  MOS  capacitor . 
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times.  Below  2 x 10  V/cm,  applying  a field  for  relatively  long 
times  has  a negligible  effect  on  carrier  transport.  At  higher 
fields,  field-induced  emission  of  trapped  carriers  appears  to  oc- 
cur at  long  times,  and  this  point  is  discussed  below. 

Because  of  the  asymmetric  5-keV  energy  deposition  profile 
in  the  Si02  layer,  holes  will  contribute  more  to  observed  charge 
transport  than  electrons  for  an  applied  positive  bias  since  holes 
will,  on  the  average,  traverse  a greater  distance  in  the  oxide.  If 
all  created  electrons  are  swept  out,  and  no  hole  motion  occurs, 
then  a collected  fraction  of  0.42  is  expected  for  5-keV  electron 
bombardment.  Upon  comparing  early-time  gains  at  90°K  (Fig- 
ure 3)  with  late-time  gains  at  303°K  (Figure  1),  the  average  ratio 
for  all  applied  voltages  is  0.47.  Since  these  measured  ratios  are 
less  than  0.  5,  the  data  suggest  that  holes  are  immobile  at  90°K 
(except  for  high  applied  fields).  Two  possible  reasons  why  the 
observed  ratio  (0.47)  is  larger  than  the  expected  value  (0.42)  for 
complete  electron  sweep-out  and  no  hole  motion  are:  (1)  Hole 
transport  may  occur  at  low  temperatures  just  following  carrier 
generation  before  holes  are  trapped;  (2)  Trapping  of  some  holes 
at  room  temperature  may  occur  at  deep  levels  either  in  the  oxide 
bulk  or  near  the  Si02-Si  interface,  resulting  in  incomplete  collec- 
tion of  holes  escaping  recombination. 

An  additional  experiment  was  performed  to  verify  the  con- 
clusion of  low-temperature  hole  immobility.  A pulse  of  3.  5-keV 
electrons  was  employed  for  carrier  excitation.  Electron -hole 
pairs  will  be  excited  in  the  oxide  only  very  near  the  Al-SiC>2  inter- 
face for  this  case.  If  holes  are  immobile  but  electrons  are  mobile 
at  low  temperatures,  then  observed  gain  for  a relatively  nonpene- 
trating beam  should  be  significantly  larger  for  an  applied  negative 
bias  than  for  positive  bias.  We  performed  such  an  experiment  and 
found  this  indeed  to  be  the  case.  (Depletion -region  relaxation 
phenomena  in  the  Si  substrate  were  taken  into  account  in  the  nega- 
tive-bias  measurement.)  We  also  compared  the  ratio  of  low- 
temperature  gain  to  room-temperature  gain  for  impinging  3.  5-keV 
electrons  to  the  same  ratio  for  5-keV  electrons.  In  this  positive - 
bias  comparison,  holes,  if  mobile,  will  contribute  significantly 
more  to  observed  gain  than  electrons  for  a nonpenetrating  beam 
since  the  holes  will  travel  a significantly  greater  distance  in  the 
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oxide.  The  low-temperature -to -room-temperature  gain  ratio  de- 
creased as  the  beam  energy  was  decreased  from  5-  to  3.5-keV, 
once  again  demonstrating  hole  immobility  at  low  temperatures. 

The  same  conclusion  has  been  reached  by  other  workers 6 using 
a different  approach,  and  the  present  findings  serve  to  substanti- 
ate their  results . 

Transport  data  are  shown  versus  temperature  in  Figure  5 
where  gain  at  an  applied  voltage  of  21V  is  plotted  for  various  inte- 
gration times.  At  the  lowest  temperature,  observed  gain  is  due 
to  electron  transport.  Electrons  that  escape  recombination  are 
swept  out  in  a time  shorter  than  10  p.s  . Increasing  the  tempera- 
ture or  the  integration  time  increases  the  amount  of  hole  transport 
observed.  At  room  temperature,  all  electrons  and  holes  that  es- 
cape recombination  are  swept  to  the  electrodes  for  integration 
times  ^ 1 ms.  The  S-shaped  form  of  the  data  in  Figure  5 is  also 
quite  evident  in  Figure  6 where  gain  at  21V  versus  time  is  plotted 
for  four  relatively  closely  spaced  intermediate  temperatures. 
Significant  hole  transport  is  apparent  over  six  decades  in  time. 

2.3.2  Charge  Buildup 


Since  holes  are  immobile  at  low  temperatures  for  all  fields 
except  the  highest  ones  examined,  it  is  expected  that  the  effects 
of  positive  charge  buildup  on  the  electrical  properties  of  MOS  de- 
vices will  be  enhanced  compared  to  those  at  room  temperature. 
This  is  indeed  the  case  as  shown  in  Figure  7 where  Hatband  volt- 
age shift  is  plotted  versus  dose  (Co^  --  •'-40  rads/s)  for  radiation- 
hardened  MOS  capacitors  from  the  same  wafer  for  which  transport 
studies  were  performed  (applied  field  = 10^  V/cm).  At  10^  rads, 
the  300°K  flatband  shift  is  just  over  2V  whereas  at  77°K  the  shift 
for  an  identical  device  is  close  to  40V.  These  data  clearly  dem- 
onstrate that  an  Si02  layer  exhibiting  radiation  tolerance  at  or 
near  room  temperature  will  exhibit  severe  radiation-induced 
changes  at  cryogenic  temperatures  due  to  the  decreased  mobility 
of  holes  in  the  oxide. 

Also  shown  in  Figure  7 is  a calculated  curve  (dashed)  pre- 
dicting the  variation  of  flatband  voltage  with  dose  for  pure  oxide 
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at  77  K.  We  assumed  that  all  electrons  escaping  recombination 
are  swept  out  of  the  oxide  and  that  all  holes  escaping  recombina- 
tion are  frozen  in  and  form  a uniform  positive  charge  distribution. 
Denoting  that  fraction  of  generated  holes  escaping  recombination 
by  T)  and  locating  this  positive  charge  at  a point  in  the  oxide  mid- 
way between  the  interfaces,  flatband  voltage  shift  can  be  expressed 
as  r|Qp/2Cox.,  where  CQX  is  oxide  capacitance  and  Qp  is  the 
charge  associated  with  the  total  number  of  generated  holes  at  a 
given  dose.  We  determined  Qp  by  assuming  18eV/pair,  which 
yields  7.9  x 10^'-  pair  s /cm^rad.  The  dashed  curve  in  Figure  7 
corresponds  to  a value  for  r)  of  0.  5 and  an  excellent  fit  to  the  data 
is  obtained  up  to  a dose  of  10^  rads,  with  a significant  decrepancy 
occurring  at  higher  doses.  At  such  doses,  the  field  in  the  oxide 
will  be  perturbed  due  to  the  significant  positive  charge  buildup, 
and  will  increase  near  the  SiC^-Si  interface  and  decrease  near  the 
Ai-Si02  interface.  In  the  decreased-field  region  fewer  electron- 
hole  pairs  will  escape  initial  (and/or  track)  recombination,  and  in 
the  increased -field  region  transport  of  generated  holes  will  occur. 
(Figure  4 shows  that  hole  transport  does  occur  below  100°K  at 
fields  on  the  order  of  2 x lCr  V/cm  and  larger. ) Both  of  these 
mechanisms  will  serve  to  reduce  flatband  shifts  below  expected 
values  at  high  doses,  and  thus  can  qualitatively  account  for  the 
discrepancy  between  prediction  and  experiment  in  Figure  7. 


The  present  charge  transport  data  at  90°K  reveal  that  approx- 
imately one -half  of  the  electrons  and  holes  generated  recombine 
at  10  V/cm  and  the  remainder  of  the  electrons  are  swept  out, 
leaving  approximately  one -half  the  generated  holes  frozen  in.  Thus, 
use  of  T)  = 0.  5 appears  to  be  justified.  However,  one  must  also 
consider  that  low-energy  electrons  were  used  to  obtain  yield- 
versus -field  information  here  whereas  flatband -voltage -shift  data 
of  Figure  7 were  obtained  using  a Co^°  gamma -ray  source.  It  is 
thought  that  columnar  recombination  dominates  in  the  former 
case  whereas  geminate  recombination  dominates  in  the  latter 
situation.  Boesch  and  McGarrity^7  have  obtained  data  for  13-MeV 
electron -bombarded  MOS  capacitors,  where  geminate  recombina- 
tion is  expected,  which  suggest  that  a larger  value  of  r]  (~0.85) 
should  have  been  required  to  account  for  the  data  in  Figure  7.  In 
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more  recent  Co  charge  buildup  experiments  (see  Section  4.0), 
we  have  found  that  measured  flatband  shifts  at  77°K  for  devices 
from  a wafer  processed  in  a manner  similar  to  that  employed  here 
(oxide  thickness  e=  900  A)  are  consistent  with  a value  for  r|  of  •'-0.7 
at  10°  V/cm.  Differences  in  experimental  results  are  possibly 
attributable  to  partial  recovery  of  flatband  voltage  during  the  rela- 
tively slow  Co^®  irradiations  and  to  specimen  differences. 

One  approach  to  producing  MOS  devices  which  are  radiation 
tolerant  at  low  temperatures  is  to  introduce  electron  traps  in  the 
oxide  which,  when  filled,  would  serve  to  compensate  for  immobile 
positive  charge.  Ion  implantation  is  known  to  produce  electron 
(and  hole)  traps  in  SiO^  films.*2  The  wafer  employed  in  the  pres- 
ent study  also  contained  regions  with  Al+ -implanted  oxides.  12 
Shown  for  comparison  in  Figure  7 are  data  for  a 20-keV  implanted 
device  at  77°K,  and  it  is  seen  that  the  flatband  voltage  shift  is  re- 
duced compared  to  the  pure -oxide  unit.  The  solid  curve  in  the  fig- 
ure corresponds  to  the  predicted  variation  of  flatband  voltage  with 
dose  for  an  implanted  sample. 

The  basic  assumption  made  is  that  results  of  our  previous 
room-temperature  analysis*2  of  the  trapping  properties  of  an  im- 
planted region  can  be  applied  to  the  present  low-temperature  data. 
Specifically,  the  mean  distance  (schubweg)  electrons  travel  in  the 
implanted  zone  before  being  permanently  trapped  is  assumed  tem- 
perature independent.  The  main  temperature  dependence  expected 
is  that  of  capture  cross-section,  and  we  neglect  this  consideration 
here  for  simplicity.  For  20-keV  Al  + -implanted  specimens,  the 
electron  schubweg  in  the  implanted  zone  at  room  temperature  for 
an  applied  field  of  10^  V/cm  is*2  ~220  A and  the  ion  penetration 
depth  is  ^-820  A.  We  assume  that  all  electrons  generated  in  the 
unimplanted  zone  escaping  recombination  are  swept  into  the  im- 
planted region  where  they  are  trapped.  The  average  position  for 
these  trapped  electrons  is  thus  600  A from  the  Al-SiC>2  interface. 
Additionally,  we  assume  that  all  electrons  generated  in  the  im- 
planted zone  are  trapped  there  except  for  that  portion  which  is 
swept  out.  The  average  position  for  this  second  contribution  to 
trapped  negative  charge  is  thus  300  A from  the  Al-SiC>2  interface. 
Trapped  electrons  located  at  these  two  average  positions  in  the 
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implanted  zone  are  effective  in  compensating  for  55%  of  the  uni- 
formly trapped  positive  charge  at  low  temperatures.  Thus,  the 
flatband  shift  for  a 20-keV  Al  + -implanted  device  is  expected  to  be 
45%  of  that  for  an  unimplanted  specimen.  The  resulting  curve  in 
Figure  7 fits  data  for  the  implanted  sample  quite  well  for  doses 
up  to  10^  rads.  At  higher  doses,  the  discrepancy  noted  between 
prediction  and  experiment  can  be  explained  qualitatively  in  the 
same  manner  as  above  for  an  unimplanted  device,  with  those  con- 
siderations now  applying  primarily  to  the  unimplanted  region  of 
an  implanted  oxide. 

If  electron  traps  were  introduced  in  that  portion  of  the  oxide 
nearer  the  SiO^-Si  interface,  where  immobile  holes  have  a sig- 
nificantly larger  effect  on  flatband  voltage,  then  flatband  shifts  at 
cryogenic  temperatures  should  be  reduced  much  more  significantly 
than  in  the  present  study.  A deeper  implantation  might  be  an  ef- 
fective means  for  accomplishing  this.  If  the  implanted  region  ex- 
tended completely  through  the  oxide  and  the  electron  trap  density 
remained  the  same  as  in  the  present  20-keV  Al+-implanted  devices, 
we  expect  that  the  flatband  voltage  shift  would  be  30%  of  that  in  an 
unimplanted  unit.  If  twice  as  many  electron  traps  are  introduced 
by  a higher  implantation  dose,  half  as  many  electrons  escape  the 
oxide  and  the  average  position  of  trapped  electrons  is  closer  to 
the  oxide  midpoint,  resulting  in  an  expected  flatband  shift  that  is 
15%  of  the  unimplanted -device  value. 

Although  fabrication  of  radiation-hardened  MOS  devices  by 
ion  implanting  the  oxide  no  longer  appears  to  be  necessary  (or 
reliable)  for  room-temperature  applications,  implanted  devices 
may  be  of  value  for  low-temperature  hardening.  Another  possible 
approach  to  alleviating  charge  buildup  problems  at  low  tempera- 
tures is  suggested  by  the  data  of  Figures  3 and  4.  By  operating 
an  MOS  device  at  a relatively  high  field,  significant  hole  transport 
will  occur  within  seconds  following  carrier  generation,  thereby 
reducing  the  threshold  voltage  shift.  For  example,  operating  at 
4 x 10^  V/cm  (54V  for  a 0.135  pm  oxide  thickness  or  20V  for 
0.05  pm)  should  result  in  most  of  the  generated  holes  being  swept 
to  the  SiC^-Si  interface  in  a few  minutes.  Some  will  be  trapped 
there  but  the  voltage  shift  should  be  significantly  less  than  for  the 
case  of  a relatively  low  applied  field.  It  is  interesting  to  note  that 
threshold  shift,  after  an  initial  increase,  should  decrease  with  in- 
creasing bias  for  a given  dose  at  low  temperatures.  Such  behavior 
has  been  confirmed  experimentally.  (See  Section  4.0  of  this  report. ) 
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2.4  DISCUSSION 


The  present  study  demonstrates  the  dispersive  nature  of 
charge  transport  in  SiO^  films  below  room  temperature.  For  the 
purpose  of  obtaining  an  understanding  of  the  physical  mechanisms 
underlying  this  transport  process,  it  is  of  interest  to  extract  an 
activation  energy  from  the  data.  One  approach  is  to  examine  the 
temperature  dependence  of  the  time  required  to  transport  a cer- 
tain amount  of  charge.  Figure  8 presents  a plot  of  the  time  re- 
quired to  reach  specific  values  of  gain  versus  reciprocal  temper- 
ature over  a temperature  range  for  which  significant  hole  trans- 
port was  observed.  (Information  in  Figure  8 was  derived  from 
data  in  Figure  6.  ) Data  shown  in  Figure  8 are  for  a moderate 
applied  voltage  (21V,  1.6  x 10^  V/cm)  and  an  intermediate  temper- 
ature range  (147  to  189°K).  Activation  energies  are  given  in  the 
figure  and  it  is  seen  that  a monotonic  increase  in  energy  occurs 
with  increasing  gain  (or  increasing  time).  This  result  suggests  a 
multiple -trapping  model  of  charge  transport  in  which  holes  under- 
go a series  of  trapping  and  detrapping  events  over  a range  of  en- 
ergy levels.  Under  this  description,  charge  transport  occurs  in 
the  valence  band  between  these  events.  With  increasing  time  fol- 
lowing excitation,  holes  settle  into  deeper  trap  levels  where  de- 
trapping  is  slower.  Figure  8 indicates  that  holes  are  trapped  at 
early  times  at  levels  with  a median  position  ^0.  3 eV  from  the 
band  edge  and  at  later  times  have  settled  into  deeper  levels  with  a 
median  position  of  ^0.  5 eV. 

The  temperature  dependence  of  observed  hole  transport  thus 
yields  a spread  in  activation  energies  of  ^0.2  eV.  As  a check  on 
the  applicability  of  the  multiple -trapping  model,  we  examined  the 
question  of  whether  such  a spread  in  trap  level  position  can  ac- 
count for  the  observed  dispersion  in  charge  transport  (or  gain) 
versus  time.  Our  approach  was  to  determine  instantaneous  charge- 
collection  time  constants  as  a function  of  time.  (Time  constants 
were  determined  from  the  local  slope  at  points  on  a semiloga-ith- 
mic  plot  of  the  relative  amount  of  uncollected  hole  charge  versus 
time.)  To  determine  the  activation  energy  spread  corresponding 
to  the  resulting  time  constant  range,  we  first  assumed  that  all 
trapping  centers  are  identical  except  for  their  energy  level,  i.e., 
"frequency-factor"  or  pre -exponential  terms  are  assumed  equal. 

The  time  constant  t associated  with  a hole  trap  level  Ej.  should  be 
proportional  to  exp(E^  - Ev)/kT,  and  the  ratio  of  time  constants 
for  two  levels  can  be  expressed  as 
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The  ratio  of  the  longest  to  the  shortest  time  constant  for  the  case 
of  17  3°K,  21V  data  was  1.8  x 10^.  This  large  spread  in  time 
constant  can  be  accounted  for  through  Eq . (1)  by  a spread  in  acti- 
vation energy  of  0.  15  eV,  which  is  well  within  the  range  obtained 
from  the  data  of  Figure  8. 

It  should  be  noted  that  the  use  of  Eq.  (1)  does  not  reflect  the 
complexity  of  the  situation.  Trap  concentrations,  as  well  as  cap- 
ture and  emission  probabilities,  can  vary  significantly  over  the 
range  of  trap  energies.  However,  these  factors  are  pro -exponen- 
tial terms.  Even  if  the  ratio  of  pre -exponential  factors  were  as 
large  as  100,  Eq.  (1)  yields  an  energy  range  of  0.22  eV , which  is 
still  consistent  with  the  temperature -dependence  data  of  Figure  8. 
Thus,  although  one  would  not  expect  a precise  correspondence  in 
the  energy  level  spreads  of  Figure  8 and  that  resulting  from  the 
use  of  Eq.  (1),  the  simplified  analysis  performed  here  does  sug- 
gest that  a multiple -trapping  model  can  account  for  both  the  tem- 
poral and  temperature  dependences  of  hole  transport  in  SiO^  films. 

The  field-induced  hole  transport  process  observed  at  low 
temperatures  for  high  applied  fields  is  probably  a manifestation 
of  Poole -Frenkel  conduction.  Hill^  has  presented  a generaliza- 
tion of  the  Poole -Frenkel  effect  and  applied  it  to  the  case  of  con- 
duction in  silicon  monoxide  films.  He  distinguishes  three  general 
regimes  or  mechanisms  for  conduction,  and  holes  are  considered 
here  as  a relevant  example.  At  high  fields  for  low  temperatures, 
field-induced  emission  (tunneling)  of  holes  from  traps  into  the 
valence  band  will  be  dominant.  At  intermediate  temperatures, 
thermally-assisted  tunneling  will  be  important,  and  at  high  tem- 
peratures thermal  emission  of  trapped  holes  will  predominate. 
Qualitatively,  Hill's  model  appears  to  provide  a reasonable  de- 
scription of  the  present  transport  data.  In  addition,  the  multiple- 
trapping  model  discussed  here  appears  to  fit  within  his  generalized 
framework . 
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Boesch  et  al.  ’ have  used  the  stochastic  hopping  transport 
model  of  Scher  and  Montroll8  to  describe  dispersive  hole  motion 
in  SiO^  films.  In  this  model,  hole  transport  takes  place  via  hop- 
ping between  localized  sites,  with  no  transition  to  the  valence  band 
occurring.  One  motivation  for  invoking  the  stochastic  model  in- 
stead of  a multiple -trapping  description  was  to  attempt  to  explain 
the  discrepancy  between  optical  and  thermal  activation  energies 
for  trapped  holes  in  SiO^  noted  by  Harari  ct  al.^  Harari  observed 
an  optical  activation  energy  of  1 . 8 eV  in  photodepopulation  meas- 
urements and  indicated  that  this  should  correspond  to  a thermal 
activation  energy  of  0.  95  eV  based  on  a relationship  between  ther- 
mal and  optical  trap  depths.  19  This  expected  thermal  energy  is 
~0.  5 eV  deeper  than  that  obtained  from  Figure  8 in  the  present 
work,  and  thus  an  apparent  problem  is  posed  for  the  multiple - 
trapping  model  but  not  the  stochastic  model.6  There  are  several 
possible  explanations  for  this  discrepancy . First,  the  ratio  of 
optical  to  thermal  activation  energies  may  be  larger  than  the  value 
of  1.9  employed  by  Harari  et  al.  since  the  relation  used  is  quite 
approximate.  Second,  the  ionization  dose  used  in  their  optical 
experiments  was  very  large  compared  to  the  dose  used  in  the  pres- 
ent investigation.  In  fact,  irradiation  was  continued  until  the  flat- 
band  voltage  shift  saturated,  indicating  that  all  traps  were  filled. 
Relative  occupancy  may  be  quite  different  under  high  and  low  dose 
conditions.  If  the  shallow  levels  have  larger  capture  cross  sec- 
tions, they  will  fill  more  rapidly  than  the  deeper  levels  and  have 
a more  pronounced  effect  at  low  doses,  even  though  they  are  pres- 
ent in  lower  concentrations.  Large  doses  will  tend  to  fill  all  the 
levels  and  reflect  the  total  distribution,  irrespective  of  relative 
cross  sections.  Furthermore,  the  optical  data  of  Harari  et  al. 
indicate  the  presence  of  a substantial  number  of  levels  in  the  lower 
energy  range.  Their  data  do  not  extend  below  -v-l  eV  in  photon 
energy  and  the  population  of  levels  seems  to  be  increasing  with 
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decreasing  energy  in  this  range.  Third,  their  optical  measure- 
ments were  made  after  long  periods  of  irradiation.  As  discussed 
above,  the  thermal  activation  energy  observed  here  increases 
with  time  as  holes  (according  to  the  multiple -trapping  model)  set- 
tle into  deeper  traps.  Considering  these  three  factors,  the  appar- 
ent discrepancy  between  optical  and  thermal  data  may  not  be 
significant. 

Apparent  problems  exist  in  accounting  for  the  present  data 
using  the  stochastic  hopping  transport  model.  The  basic  stochas- 
tic transport  description  predicts  universality  in  charge  transport 
curves,  namely,  an  invariance  with  respect  to  field  and  tempera- 
ture in  the  shape  of  such  curves.  A single  activation  energy  is 
associated  with  the  transport  process  in  this  model.  Data  pre- 
sented here  exhibit  a spread  in  activation  energy  and  do  not  exhibit 
universality.  A problem  still  appears  to  occur  if  we  attempt  to 
apply  a more  general  hopping  model  to  the  present  data.  To  ex- 
plain the  situation  qualitatively,  consider  first  the  findings  of 
Boesch  et  al.^  They  were  able  to  account  for  hole  transport  in 
their  test  specimens  using  the  stochastic  model  with  a single  acti- 
vation energy  (0.3  eV).  Thus,  significant  dispersion  in  hole  trans- 
port, associated  with  randomly  distributed  hopping  sites  (hopping 
time  distribution),  can  occur  in  the  stochastic  description  with 
only  a single  thermal  activation  energy.  Now  consider  a spread 
in  thermal  activation  energies  within  the  stochastic  transport 
framework.  We  expect  two  contributions  to  the  dispersive  nature 
of  hole  transport  in  this  case:  (1)  dispersion  due  to  the  range  of 
trap  energies  at  a given  site;  (2)  dispersion  due  to  the  intersite 
hopping  time  distribution.  Thus,  under  the  stochastic  model  we 
expect  more  dispersion  in  the  temporal  dependence  of  hole  trans- 
port for  the  case  of  a range  of  thermal  activation  energies  than 
for  the  single  activation-energy  situation.  That  is,  the  spread  in 
activation  energies  obtained  from  temperature  -dependence  data 
is  not  expected  to  be  as  large  as  the  apparent  energy  spread  as- 
sociated with  temporal -dependence  data  for  the  stochastic  hopping 
transport  model.  Data  presented  above  are  not  in  agreement  with 
this  expectation. 
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McLean  et  al.  have  studied  the  temporal  dependence  of  flat- 
band  voltage  shift  in  MOS  capacitors  following  a pulse  of  ionizing 
radiation.  They  observed  a recovery  process  at  low  temperatures 
(<150°K)  that  was  not  evident  in  the  present  investigation.  Their 
activation  energy  plot  (the  counterpart  of  Figure  8 in  this  report) 
revealed  two  regimes:  a higher  temperature  regime  character- 
ized by  an  activation  energy  on  the  order  of  0.  4 eV  and  a lower 
temperature  regime  with  a considerably  smaller  activation  energy. 
They  noted  the  onset  of  appreciable  flatband  voltage  recovery  at 
1 sec  for  a specimen  at  87°K,  and  presumably  charge  transport 
was  responsible  for  this  recovery.  On  the  other  hand,  we  did  not 
observe  transport  in  our  specimens  under  the  same  conditions. 

At  10  V/cm,  the  field  employed  by  McLean  et  al.  , no  charge 
transport  is  evident  at  90°K  in  our  samples  for  times  up  to  10  sec 
after  bombardment  (see  14V  data  in  Figure  3).  This  same  state- 
ment applies  for  applied  fields  up  to  twice  this  value.  Regarding 
our  activation  energy  plot,  two  data  points  obtained13  at  125°K 
(1000/T  = 8.0;  data  not  shown  in  Figure  8)  are  in  agreement  with 
extrapolated  fits  to  the  G = 40  and  45  data,  once  again  demonstra- 
ting that  the  lower  activation  energy  behavior  noted  by  McLean 
et  al.  below  150°K  is  not  evident  in  our  specimens.  This  discrep- 
ancy suggests  that  charge  transport  (or  flatband  voltage  recovery) 
behavior  at  low  temperatures  in  SiC^  films  is  processing  depend- 
ent. On  the  other  hand,  this  discrepancy  may  reflect  differences 
in  experimental  conditions  and  techniques.  McLean  employed  C-V 
measurements  at  relatively  high  doses  whereas  we  employed  direct 
measurements  of  charge  transport  at  low  doses. 

At  present,  in  weighing  the  multiple -trapping  model  versus 
the  stochastic  transport  model,  it  is  difficult  to  state  conclusively 
which  is  more  appropriate  for  describing  the  available  experi- 
mental data.  However,  it  does  not  appear  necessary  to  invoke  hop- 
ping transport  in  the  present  case  since  the  multiple -trapping 
description  accounts  for  the  data  quite  well.  Indeed,  the  present 
data  seem  inconsistent  with  the  stochastic  model.  (We  have  de- 
veloped an  analytical  formulation  of  the  multiple -trapping  model 
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which  yields  excellent  fits  to  the  present  experimental  data.  This 
work  is  described  in  Section  3. 0 of  this  report.  ) 

The  present  hole  transport  data  can  be  interpreted  in  terms 
of  mobility  and  a preliminary  analysis  has  been  performed.  (See 
Section  3.0  for  more  details.  ) Mobility  is  observed  to  depend  on 
electric  field,  time  after  excitation,  and  temperature.  At  173°K, 
the  trap-limited  hole  mobility  ranges  from  ^3  x 10"^  cm^/Vsec 
at  10--*  sec  to  ^1.5  x 10“^  cm'VVsec  at  1 sec  following  excita- 
tion. A strong  field  dependence  (p  « was  noted  at  inter- 

mediate temperatures,  with  an  even  stronger  dependence  (p  ® 
£•12.6)  0bservecj  at  the  lowest  temperatures.  An  Arrhenius  plot 
of  mobility,  measured  at  the  point  where  one -half  the  holes  have 
been  collected,  yields  an  activation  energy  of  0.39  eV. 

In  summary,  we  have  examined  in  detail  the  temporal,  tem- 
perature, and  electric-field  dependences  of  charge  transport  in 
SiC>2  films  over  wide  ranges.  Below  130°K,  temperature -indc  - 
pendent  transport  was  noted  at  high  fields  and  attributed  to  field- 
induced  emission  of  trapped  holes.  Experiments  were  performed 
which  substantiate  the  conclusion  that  holes  are  immobile  at  low 
temperatures  for  relatively  low  applied  fields.  This  frozen-in 
positive  charge  gives  rise  to  significant  flatband  voltage  shifts 
and  thus  creates  a potentially  severe  practical  problem  for  M OS 
devices  operated  at  low  temperatures  in  an  ionizing  radiation 
environment.  For  such  applications,  development  of  a new  class 
of  radiation-tolerant  devices  will  be  necessary,  and  the  present 
work  demonstrates  that  either  applying  a relatively  high  field  to 
the  oxide  or  utilizing  an  ion-implanted  oxide  may  be  useful  ap- 
proaches to  meeting  this  requirement. 
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SECTION  3.0 

THE  MULTIPLE -TRAPPING  MODEL  AND 
HOLE  TRANSPORT  IN  SiO  * 

3.1  INTRODUCTION 

Ionizing  radiation  alters  the  electrical  properties  of  silicon 
MOS  devices;  the  primary  source  of  this  vulnerability  is  the  trap- 
ing  inside  Si02  layers  of  holes  generated  therein  by  radiation.  At 
room  temperature  a fraction  of  the  holes  generated  inside  the  ox- 
ide are  trapped  near  the  oxide -semiconductor  interface,  and  at 
low  temperatures  they  are  immobilized  within  the  bulk  of  the  SiO^. 
To  understand  radiation  effects  on  MOS  devices  and  to  intelligently 
approach  the  problem  of  reducing  device  vulnerability,  it  would 
be  useful  to  be  able  to  describe  the  charge  transport  process  in 
Si02  films  quantitatively.  That  is  the  goal  of  this  section. 

Various  workers  have  studied  charge  transport  and  charge 
buildup  in  Si02  films  during  the  past  several  years.  Under  a co- 
ordinated effort,  two  groups  have  collected  a large  amount  of  in- 
formation about  hole  transport  in  SiC>2  over  a wdde  range  of  experi- 
mental conditions.  These  groups  are  located  at  Harry  Diamond 
Laboratories  and  at  Northrop  Research  and  Technology  Center.  A 
number  of  papers  have  been  published  by  these  groups  and  are 
referenced  here  in  chronological  order . 9*  21,  17,  20 
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Related  charge  transport  studies  have  also  been  performed  by 
R.  C.  Hughes  at  Sandia  Laboratories  . 22-24 

In  the  course  of  these  previous  investigations,  an  analysis  of 
hole  transport  has  been  presented  which  is  predicated  on  a model 
involving  stochastic  hopping  transport.  This  description,  based 
on  the  work  of  Scher  and  Montroll,  ^ accounts  for  many  of  the  fea- 
tures of  hole  conduction  in  SiO^  and  has  been  terms  the  Continuous 
Time  Random  Walk  (CTRW)  model.  A description  of  the  model 
and  its  success  in  fitting  various  data  are  presented  in  several 
papers . ^>9,  20,  24 

The  success  of  the  CTRW  model  in  fitting  experimental  data 
is  impressive.  A wide  range  of  experimental  observations  can  be 
understood  on  this  basis.  However,  there  has  been  some  reticence 
to  accept  the  CTRW  model  completely  because  of  observations  that 
the  apparent  activation  energy  for  the  charge  collection  process 
depends  on  the  fraction  of  charge  collected^  * (see  Section  2.0). 

This  observation  is  at  odds  with  the  CTRW  model  as  it  has  been 
presented,  since  that  model  predicts  ’’universality";  i.e.,  charge 
transport  curves  obtained  at  different  temperatures  should  super- 
impose with  a simple  shift  in  the  time  axis/’  Although  charge 
collection  curves  obtained  at  different  temperatures  do  superim- 
pose approximately,  there  is  some  deviation,  and  this  deviation 
is  in  the  direction  predicted  by  the  multiple -trapping  model  which 
is  described  herein.  Until  the  present,  objections  to  the  CTRW 
model  have  been  qualitative  in  nature  and  it  was  not  known  whether 
the  multiple -trapping  model  could  adequately  account  for  transport 
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data.  This  section  presents  an  analysis  based  on  the  multiple  - 
trapping  model,  and  it  is  seen  that  the  agreement  between  the 
model  and  experimental  data  herein  considered  is  noteworthy. 
For  fitting  these  data,  the  multiple -trapping  model  is  signifi- 
cantly more  successful  than  the  CTRW  model. 

3.2  FORMULATION  OF  THE  MODEL 


The  multiple -trapping  model  is  illustrated  schematically  in 
Figure  9.  The  concept  is  very  simple.  Only  hole  transport  need 
be  considered  because  excess  electrons  generated  simultaneously 
with  the  holes  are  swept  out  of  the  oxide  in  a time  short  to  any 
considered  here.  The  dominance  of  holes  in  the  observed  trans- 
port process  has  been  established  elsewhere  . ^ The  aspect 

of  hole  transport  with  which  we  are  concerned  is  the  amount  of 
time  it  takes  a hole  generated  within  the  SiO^  to  be  transported  to 
either  electrode.  Consider  an  insulator  containing  excess  holes 
and  several  trapping  levels.  Upon  creation,  the  holes  are  subject 
to  capture  at  all  the  trapping  levels.  However,  after  capture  the 
time  spent  in  a given  level  will  depend  strongly  on  energy  position, 
varying  approximately  as  exp(AE/kT)  if  the  carriers  are  therm- 
ally re-emitted.  (The  quantity  AE  is  the  energy  difference  be- 
tween the  trap  level  and  the  valence  band  edge.  ) The  result  of 
such  a process  is  intuitively  obvious;  as  time  progresses,  the 
holes  will  settle  into  deeper  traps.  This  is  in  keeping  with  the 
experimental  observation^*  that  the  apparent  trap  level  position, 
determined  from  an  Arrhenius  plot,  increases  with  the  increasing 
fraction  of  generated  charge  that  is  collected.  To  provide  a quan- 
titative framework  for  this  intuitive  analysis  it  is  necessary  to 
formulate  a set  of  coupled  differential  equations  describing  the 
transport  process. 

Let  pj  represent  the  concentration  of  trapped  holes  at  a trap 
energy  level  E^.  The  rate  of  change  of  p^  is  given  by 


dp./dt  = cpN°-e  N+, 
x p i Pi 


(1) 
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where  Cp  is  the  hole  capture  probability  (assumed  to  be  the  same 
for  all  levels),  p is  the  concentration  of  holes  in  the  valence  band, 
Nj  is  the  concentration  of  traps  at  Ej  not  already  containing  a 
hole,  and  Nj  is  the  number  of  traps  containing  a hole  (Nj*  = p^). 
Assuming  low-injection -level  conditions,  Nj°  = Nj,  the  total  trap 
level  concentration  at  Ej.  The  emission  factor  ep  is  of  the  form 
ep  = eQ  exp(-E^/kT),  where  the  pre -exponential  factor  eQ  was 
assumed  in  this  analysis  to  be  the  same  for  all  centers.  Thus, 

dp.  /dt  = c p N.  - p.  e exp(-E  /kT).  (2) 

i p 1 1 o i ' 

In  addition  to  one  differential  equation  of  this  form  for  each  level, 
there  must  be  a conservation  equation.  In  the  absence  of  hole 
sweepout  the  net  change  in  hole  concentration  would  be  zero,  or 


dp/dt  + 


dp. /dt 

l 


0, 


(3) 


where  n is  the  number  of  trapping  levels  considered.  Without 
knowing  the  details  of  the  transport  process  a priori,  it  is  not  pos- 
sible to  provide  exactly  for  sweepout  in  the  conservation  equation. 
To  account  for  a sweepout  term,  a simplifying  approximation  was 
made.  It  was  assumed  that  during  the  sweepout  process  the  hole 
distribution  in  the  oxide  remains  uniform.  For  extremely  disper- 
sive transport  such  as  is  considered  here,  this  should  be  a rea- 
sonable approach.  (The  results  are  not  sensitive  to  this  approxi- 
mation.) Under  this  assumption,  the  rate  of  hole  sweepout  is 
proportional  to  the  number  of  holes  in  the  valence  band  and  the 
applied  electric  field  F.  The  net  rate  of  change  of  hole  concentra- 
tion is  then  given  by 


n 

dp/dt  + 53  dp.  /dt  = -k  pF,  (4) 

i=l 

where  kj  contains  the  free-carrier  mobility  and  other  factors. 
Thus,  the  formulation  of  the  mathematical  problem  is  quite  sim- 
ple and  leads  to  the  requirement  of  solving  n+1  coupled  differential 
equations.  As  an  initial  (t=0)  condition,  a certain  concentration 
of  holes  in  the  valence  band  and  no  trapped  charge  was  assumed. 
This  condition  corresponds  to  an  experimental  situation  in  which 
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holes  are  generated  by  a short  pulse  of  ionizing  radiation.  Solu- 
tions to  Eqs  . (2)  and  (4)  were  obtained  using  numerical  methods  in 
conjunction  with  a large-scale  digital  computer. 

Measured  activation  energies  (see  discussion  below)  range 
from  0.29  to  0.49  eV.  With  thf  idea  that  a continuum  of  energy 
levels  might  be  involved,  a first  attempt  at  modeling  was  made 
using  ten  levels  0.05  eV  apart  in  the  range  0.  15  eV  to  0.6  eV. 

Equal  concentrations  of  each  level  were  assumed.  With  such  a 
distribution,  no  reasonable  fit  to  charge  transport  data  was  pos- 
sible. Considerable  structure  in  the  solution  was  observed,  indi- 
cating that  if  the  model  were  to  describe  the  data  accurately, 
closer  spacing  of  the  levels  would  be  required  and/or  the  concen- 
tration of  trap  levels  would  have  to  decrease  with  increasing  trap 
depth. 

In  a disordered  solid,  it  may  be  reasonable  to  expect  the 
existence  of  levels  near  the  valence  band  with  a concentration  that 
decreases  with  energy  separation  from  the  band  edge.  Such  levels 
would  correspond  to  valence  band  states  perturbed  by  crystal  dis- 
order, where  the  number  of  states  with  a given  amount  of  disorder 
would  vary  inversely  with  the  amount  of  disorder.  The  degree  of 
physical  perturbation  may  correspond  to  a Gaussian  distribution 
about  zero,  so  the  number  of  states  with  a valence  state  energy 
position  above  the  edge  of  the  valence  band  might  decrease  expo- 
nentially with  increasing  energy.  It  is  not  clear  whether  such  a 
picture  would  withstand  strict  scrutiny,  but  it  may  receive  some 
support  from  the  fact  that  many  amorphous  materials  display  op- 
tical absorption  coefficients  that  vary  exponentially  with  energy 
near  the  band  edge,  e.g.,  GeTe,25,  Se,  and  AS2S3. 27  In  any 
case,  it  is  as  simple  as  any  nonuniform  distribution  that  can  be 
imagined.  We  employed  an  exponential  distribution  here  with 
considerable  success.  The  term  in  Eq.  (2)  was  replaced  with 

Ni(Ei)  = No  exP('Ei/fl)  (5) 

where  NQ  is  the  trap  concentration  at  the  valence  band  edge,  and 
the  parameter  P determines  the  rate  of  change  of  concentration 
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of  trap  levels  with  energy.  Since  Eq.  (2)  contains  the  product 
cpNi»  absolute  values  of  Nj  may  not  be  deduced  from  fitting  the 
model  to  the  experimental  data. 

The  choice  of  parameters  to  fit  the  experimental  data  is  dis- 
cussed below.  It  is  useful  to  consider  first  the  physical  process 
in  more  detail  so  that  the  effect  of  varying  parameters  will  be 
understood.  Of  particular  value  in  terms  of  added  insight  is  the 
time  dependence  of  occupancy  of  trap  levels  at  different  energy 
positions  following  pulsed  carrier  excitation.  Figure  10  shows 
relative  trap  occupancies  for  a quasi -continuous  (level  spacing  = 
0.  03  eV)  trap  distribution  with  S = 0.  04  eV  and  kjF  = 4 x 105  s . 
Assumed  values  for  the  quantities  cpNQ  and  eQ  were  3 x 109 
cm  s ^ and  10^  s respectively.  The  occupancy  of  each 
energy  level  from  0.21  eV  to  0.  57  eV  is  shown  as  a function 
of  time  following  hole  generation.  Also  shown  is  the  total  trap 
occupancy.  Of  particular  note  is  the  fact  that  at  any  given  time 
one  level  tends  to  contain  the  majority  of  trapped  holes.  Thus, 
at  a particular  time  where  a given  level  has  a peak  in  occupancy, 
that  level  will  tend  to  dominate  the  transport  behavior.  The  rela- 
tive spacing  between  the  peaks  depends  on  the  parameter  P and 
decreases  with  decreasing  0 . The  spacings  in  the  peaks  shown  in 
Figure  10  are  much  closer  than  if  a uniform  (as  opposed  to  an 
exponential)  trap  distribution  were  employed.  Below,  plots  of 
hole  current  as  a function  of  time  will  be  presented.  The  analyti- 
cal results  using  the  parameters  of  Figure  10  show  almost  no 
structure  due  to  the  use  of  discrete  levels  in  the  model  and  thus 
such  a set  of  discrete  levels  can  be  used  to  represent  adequately 
a continuum  of  energy  levels.  However,  for  identical  energy  level 
spacings  but  equal  concentrations  of  each  level,  undulations  in 
current  versus  time  curves  were  quite  apparent.  Figure  10  illus- 
trates the  observation  that  even  if  shallower  and  deeper  levels  are 
present,  they  will  not  affect  behavior  in  the  time  range  of  interest, 
and  can  be  neglected.  For  instance,  a level  at  0.  18  eV  has  negli- 
gible impact  for  times  greater  than  1 ps,  while  a level  at  0.6  eV 
would  not  become  significant  until  after  1000  sec. 

3.3  RESULTS 

3.3.1  Dependence  of  Hole  Collection  on  Time 

Typical  results  of  the  calculations  are  shown  in  Figure  11 
where  fraction  of  hole  charge  collection  (which  corresponds  to  one 
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Figure  10.  Relative  trap  occupancies  for  a specific  choice  of  model  parameters. 


Figure  11.  An  illustration  of  the  variation  in  model  predictions 
with  model  parameters. 


minus  the  total  trap  occupancy,  since  the  relative  number  of  holes 
in  the  valence  band  at  any  time  is  very  small)  is  plotted  as  a func- 
tion of  time  for  various  parameter  choices.  The  results  illustrate 
the  variation  of  the  solution  with  the  most  important  parameters. 
To  fit  the  model  to  experimental  data,  various  combinations  of 
parameters  were  tried  until  an  approximate  fit  resulted  and  then 
a final  fit  was  obtained  by  varying  only  8 and  kj.  It  is  seen  that 
a variation  in  kj  produces  essentially  a simple  shift  in  time  while 
the  amount  of  dispersion  is  controlled  by  R.  The  choice  of  P is 
independent  of  the  choice  of  the  other  parameters,  but  varying 
either  Cp  or  eQ  in  Eq.  (2)  can  be  compensated  by  a change  in  kj. 
To  examine  the  applicability  of  the  model,  charge  transport  data^ 
at  an  intermediate  temperature  of  173°K  and  intermediate  field 
(applied  voltage  = 21V,  F = 1.55  x 10^  V/cm)  were  chosen  and  8 
and  kj  varied  to  give  a satisfactory  fit.  The  unique  value  of  8 so 
obtained  was  4.0  x 10"^  eV. 

3.3.2  Variation  of  Hole  Collection  and  Current  with 
Temperature 

If  temperature  dependences  of  the  capture  probability  cp, 
emission  constant  eQ,  and  kj  (which  contains  mobility)  can  be 
neglected,  once  a fit  to  the  data  at  one  temperature  has  been  ob- 

Itained,  behavior  at  other  temperatures  can  be  predicted  by  simply 
changing  T in  Eq.(2).  Assuming  that  any  contribution  from  elec- 
trons can  be  neglected,  data  from  Reference  21  (see  Section  2.0) 
have  been  replotted  in  Figure  12  in  terms  of  total  hole  charge  col- 
lected. (The  experimental  procedure  is  outlined  in  Reference  21. 
Briefly,  electron-hole  pairs  were  generated  in  the  oxide  by  a 
pulsed  electron  beam  with  just  sufficient  energy  to  penetrate  the 
oxide.  A field  was  applied  to  the  oxide  (21V  across  0.  135  pm)  and 
the  total  charge  collected  determined  by  integrating  the  current 
through  the  oxide.)  As  already  mentioned,  the  data  at  a single 
temperature,  173°K,  were  fitted  by  adjusting  the  parameters  8 
and  kj  in  the  model.  Keeping  these  parameters  fixed,  the  model 
was  then  used  to  predict  the  behavior  at  other  temperatures.  These 
predictions  and  the  experimental  data  are  shown  in  Figure  12. 

(After  fitting  173°K  data,  the  value  of  kj  was  adjusted  slightly  to 
provide  the  best  overall  fit  to  the  data  in  Figure  12.  The  value  of 
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a comparison  of  experimental  results  and  predictions  of  the 
multiple -trapping  model.  (Data  shown  are  taken  from  Fig- 
ure 6 of  Reference  21  --  see  Section  2.0.) 


kjF  used  was  3.  1 x 10  s ; all  other  parameter  values  were 
equal  to  those  employed  for  the  calculations  of  Figure  10,  as 
given  above.)  The  results  are  remarkable:  With  no  variation  in 
parameters  with  temperature,  the  analytical  curves  display  very 
nearly  the  same  temperature  dependences  as  the  data;  i.e.,  fit- 
ting the  data  at  a single  temperature  allows  one  to  predict  the 
temperature  dependence  with  no  additional  variable  parameters. 
Note  that  as  the  temperature  is  varied,  the  curves  are  shifted  with 
time  and  the  amount  of  dispersion  changes  (the  higher  tempera- 
ture curves  are  "steeper").  Both  of  these  features  are  reproduced 
without  changing  either  8 or  kj.  The  results  of  Figure  12  are 
convincing  evidence  of  the  veracity  of  the  model;  it  is  difficult  to 
conceive  that  such  excellent  agreement  would  occur  fortuitously. 

The  temperature  range  represented  in  Figure  12  is  fairly 
narrow.  That  particular  range  was  chosen  because  at  significantly 
higher  and  lower  temperatures  only  a portion  of  the  entire  charge 
collection  curve  is  evident  over  the  time  regime  examined,  and 
comparisons  of  the  shapes  of  curves  are  less  meaningful.  Since 
some  temperature  dependence  of  hole  capture  probability  is  ex- 
pected, it  would  be  surprising  if  the  excellent  agreement  between 
experiment  and  analysis  displayed  in  Figure  12  were  to  be  mani- 
fested at  greatly  different  temperatures.  (No  variation  of  capture 
probability  with  temperature  was  taken  into  account  in  calculating 
the  model  predictions  shown  in  Figure  12.)  In  fact,  the  agree- 
ment at  other  temperatures  was  qualitatively  satisfactory,  and 
only  a weak  temperature  dependence  of  capture  probability  was 
indicated.  Specifically,  comparisons  were  made  for  the  same 
electric  field  at  303°K,  261°K,  125°K,  and  90°K.  At  303°K,  the 
experimental  data  demonstrate  90%  hole  collection  at  about  3 x 
10-^  s.  The  corresponding  analysis  with  no  variation  of  cp  pre- 
dicts the  same  collection  at  about  7 x 10” 5 8.  At  26l°K,  60% 
collection  occurs  at  about  2.  5 x 10'5  and  3. 5 x 10-^  s for  the  ex- 
perimental results  and  analysis,  respectively.  The  shapes  of  the 
charge  collection  curves  are  in  good  agreement  at  this  tempera- 
ture. (Sufficient  portions  of  the  curves  are  not  available  to  make 
such  a statement  for  the  other  temperatures  listed.  ) At  125°K, 

20%  collection  occurs  at  about  14s  and  11s  for  the  experimental 
and  analytical  cases,  respectively.  At  90°K,  both  experiment  and 
analysis  indicate  imperceptible  charge  collection  up  to  20s.  It  is 
clear  that  by  incorporating  a weak  temperature  dependence  of  hole 
capture  probability  into  the  analysis,  the  multiple -trapping  model 
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is  capable  of  completely  predicting  the  experimental  data  over  the 
entire  range  of  90°K  to  303°K. 

While  the  data  of  Figure  12  were  obtained  by  integrating  col- 
lected charge,  transport  data  are  often  obtained  in  the  form  of 
current  versus  time.  To  analyze  the  data  of  Figure  12  in  that 
form,  they  were  converted  by  plotting  them  linearly  and  deter- 
mining I = dQ/dt  from  the  local  slope.  The  converted  data  are 
plotted  in  Figure  13  with  the  analytical  results  superimposed. 

Since  current  varies  over  about  five  orders  of  magnitude,  com- 
parisons between  theory  and  experiment  in  this  manner  are  more 
critical  than  the  approach  of  Figure  12;  at  long  or  short  times 
large  fractional  changes  in  current  will  have  little  effect  on  data 
presented  as  in  Figure  12.  In  other  words,  the  fitting  process  for 
integrated  charge  data  was  dominated  by  the  shape  of  the  curve  in 
the  rapidly  changing  portion  near  50%  collection.  Replotting  the 
data  in  terms  of  current  allows  comparison  of  the  asymptotic  be- 
havior at  early  and  late  times. 

Again,  agreement  between  theory  and  experiment  is  excellent. 
Magnitudes  of  calculated  and  measured  current  agree  well  over  the 
entire  range;  calculated  and  measured  initial  and  final  slopes 
agree  (an  important  point  for  comparing  the  CTRW  and  multiple - 
trapping  models,  as  discussed  below);  and  crossover  points  are 
well  predicted.  It  seems  quite  significant  to  observe  that  the  fit- 
ting process  for  integrated  charge  data,  which  was  relatively  in- 
sensitive to  the  asymptotic  behavior  at  early  and  late  times,  leads 
to  a solution  which  satisfactorily  predicts  the  asymptotic  behavior 
of  current- ver sus -time  curves  . As  with  the  prediction  of  temper- 
ature behavior , it  is  unlikely  that  such  a prediction  capability 
would  occur  fortuitously.  This  fact  seems  to  be  compelling  evi- 
dence for  the  veracity  of  the  physical  model. 

3.3.3  Variation  of  Hole  Collection  with  Field 

Assuming  that  all  the  parameters  of  Eqs . (2)  and  (4)  are  in- 
dependent of  applied  field,  it  should  be  possible  to  predict  field 
dependence  simply  by  varying  F in  Eq.  (4).  The  results  of  such 
a calculation  are  compared  with  experiment  in  Figure  14.  A 
normalization  procedure  was  employed  in  Figure  14  which  should 
be  explained.  The  mathematical  analysis  is  in  terms  of  fractional 
charge  collected,  a quantity  that  varies  from  0 to  1.  The  experi- 
mental data  are  presented  in  terms  of  gain,  G,  in  units  of  charge 


51 


jqierimental  and  analytical  results. 


Figure  14.  Time  dependence  of  gain  as  a function  of  applied  voltage 
Calculated  curves  contain  no  Poole -Frenkel  correction. 


collected  per  exciting  electron.  At  short  times  all  of  the  generated 
electrons  have  been  collected.  The  value  of  the  resultant  short- 
time  plateau  (all  electrons  but  no  holes  collected)  was  determined 
from  the  value  of  the  plateau  at  low  temperatures  where  it  is  well 
defined.  Data  at  90°K  were  used  for  this  purpose.  At  suffi- 
ciently long  times  all  of  the  holes  are  collected.  The  values  of 
gain  for  this  long-time  plateau  were  obtained  from  room  tempera- 
ture data,  where  that  plateau  is  well  defined.  The  analytical  re- 
sults are  transformed  into  gain,  G,  through  the  relation 


G = G . + (G  - G . )f, 

mm  max  min 


(6) 


where  f is  the  fraction  of  hole  charge  collected,  the  actual  quan- 
tity computed.  This  normalization  process  neglects  any  tempera- 
ture variation  in  the  rate  of  hole -electron  pair  creation.  This 
approximation  probably  introduces  an  error  of  a few  percent. 
Hughes2*^  reports  an  8%  variation  over  the  range  75°  to  300°K. 

The  agreement  between  experiment  and  this  simple  analysis, 
shown  in  Figure  14,  is  unsatisfactory.  However,  the  difference 
between  the  approximate  theory  and  the  experimental  data  is  qual- 
itatively what  would  be  expected.  One  vwuld  expect  a variation  in 
effective  trap  position  with  applied  field  through  the  Poole -Frenkel 
effect.  As  the  field  is  increased,  effective  trap  depths  are  lowered 
producing  more  rapid  emission  (and  thus  transport)  at  high  fields 
than  would  otherwise  result.  This  is  in  accord  with  experimental 
observations.  Simple  theory  predicts  a shift  in  energy  level 
position,  A0,  given  by 


where  e is  electronic  charge  and  € is  the  dielectric  constant.  The 
appropriate  value2<^  of  e is  the  high  frequency  value  of  eoer> 
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where  er  = = 2.  13.  (n  is  the  index  of  refraction.  ) With  Atf 

given  in  electron  volts  and  F given  in  V/cm,  we  obtain  (for 
SiC2) 

AO  = 1. 84  x 10-5  F1/2.  (8) 

To  determine  if  the  expected  Poole -Frenkel  shift  is  consistent 
with  experimental  observations,  each  value  of  in  Eq.  (2)  was 
varied  in  the  following  nvanner: 

E.  = E.  + bF1/2.  (9) 

1 10 

(Ejq  is  the  trap  energy  level  position  for  zero  applied  field.)  The 
results  are  shown  in  Figure  15.  Good  agreement  is  obtained  with 
b = 3.8  x 10"^,  approximately  twice  as  large  as  predicted  by 
Eq.(7).  The  failure  of  some  of  the  curves  to  fit  the  data  exactly 
is  evidently  experimental  in  origin  and  is  attributed  to  the  non- 
discretionary normalization  process  of  the  analysis  discussed 
above  and  based  on  experimental  measurements  at  other  tempera- 
tures. If  the  values  of  Gmin  and  Gmax  in  Eq.  (6)  are  adjusted, 
excellent  fits  to  the  data  can  be  obtained.  The  approach  used  was 
chosen  to  limit  the  adjustable  parameters  to  those  controlled  by 
the  Poole-Frenkel  effect. 

In  view  of  the  approximate  nature  of  the  theory  leading  to 
Eq.  (7),  the  observed  agreement  is  satisfactory  when  the  Poole- 
Frenkel  effect  is  taken  into  account.  In  particular,  the  bulk 
dielectric  constant  for  Si02  was  used  in  Eq.  (8)  whixe  on  a micro- 
scopic basis  the  effective  value  might  be  smaller.  Experiment- 
ally, Hill1"  obtained  b = 1.4  x 10^  from  dark  conductivity  data  in 
SiO,  a value  considerably  larger  than  that  determined  here. 

3.4  DISCUSSION 

When  the  data  are  plotted  as  in  Figure  13,  the  lack  of  univer- 
sality is  dramatically  exposed.  Clearly,  a simple  shift  in  log 
time  does  not  provide  superposition  of  the  experimental  data.  At 
early  times  and  high  currents  the  time  dependence  is  similar,  but 
at  long  times  it  varies  with  temperature.  Recall  again  that  the 
model  contains  no  parameters  that  are  adjusted  with  temperature. 

18R.  M.  Hill,  Phil.  Mag.  23,  59  (1971). 
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Thus,  as  a result  of  what  amounts  to  a single-temperature  fit, 
the  analytical  and  experimental  results  are  in  excellent  agree- 
ment at  all  temperatures  shown.  This  ability  of  the  multiple  - 
trapping  model  to  predict  the  dependence  of  current  on  time  for 
the  present  data  is  some  of  the  most  convincing  evidence  of  the 
superiority  of  that  model  over  the  CTRW  model. 

9 

By  comparison,  the  CTRW  model  predicts  that  in  the  short- 
time  limit 


I “ t 


(1-CX) 
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(10) 


where  I is  current  and  a is  a parameter  in  the  CTRW  model 
which,  like  R used  here,  varies  the  amount  of  time  dispersion. 
The  long-time  limit  is  predicted  by  the  CTRW  model  to  be  of  the 
form 
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Thus,  the  CTRW  model  predicts  that  logarithmic  plots  of  current 
versus  time  for  different  temperatures  will  have  the  same  initial 
and  final  slopes.  While  the  initial  slopes  of  the  data  in  Figure  13 
appear  equal,  this  is  not  true  of  the  final  slopes.  The  multiple - 
trapping  model  predicts  both  the  initial  and  final  slopes  well. 

Another  way  to  put  the  conflict  between  the  CTRW  and  multiple - 
trapping  models  clearly  into  perspective  is  to  look  at  the  thermal 
activation  energy  as  a function  of  time.  Figure  10  predicts  that 
the  effective  trap  level  position  will  change  with  time.  This  is  not 
a feature  of  the  basic  CTRW  model.  Figure  16  was  obtained  from 
the  data  of  Figure  12  and  shows  apparent  activation  energy  as  a 
function  of  fractional  amount  of  hole  charge  collected. ^ To  ob- 
tain these  plots,  the  time  required  to  attain  a specific  gain 
(shown  on  the  curves)  was  plotted  as  a function  of  reciprocal  tem- 
perature. In  the  original  data  G = 35  corresponded  approximately 
to  no  holes  (but  all  electrons)  collected  and  G = 70  to  complete 
hole  collection.  Thus  the  data  of  Figure  16  cover  most  of  the 
range  of  hole  collection.  The  apparent  activation  energies  range 
from  ~0. 29  eV  at  G = 40  to  ~0.49  eV  at  G = 65. 
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Figure  16.  Time  to  reach  a particular  value  of  gain  vs 
reciprocal  temperature  for  an  applied  volt- 
age of  21V  (from  Reference  21). 
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Figure  17  is  the  computed  version  of  Figure  16.  The  behav- 
ior is  strikingly  similar,  with  the  apparent  activation  energy 
ranging  from  0.27  to  0.43  eV,  a range  of  0.  16  eV  compared  to  the 
experimental  range  of  0.  20  eV.  This  agreement  is  within  experi- 
mental error.  (By  comparison,  the  basic  CTRW  model  predicts 
no  spread.)  Interestingly  (and  perhaps  fortuitously),  deviations 
of  points  from  the  drawn-in  straight  lines  tend  to  follow  the  same 
pattern  in  the  analytical  and  experimental  cases  (note  particularly 
the  top  and  bottom  curves).  Again,  the  success  of  the  multiple  - 
trapping  model  is  noteworthy,  particularly  when  it  is  noted  that  a 
single -temper ature  fit  accurately  predicts  both  the  magnitude  and 
shift  of  apparent  activation  energy. 

Comparable  shifts  in  activation  energy  are  observed  when 
data  of  other  investigators  are  analyzed  in  a manner  comparable 
to  that  employed  here.  For  instance,  data  of  Hughes  el  al.  (Fig- 
ure 2 of  Reference  7)  also  indicate  a shift  of  '0.2  eV,  while  data 
of  Boesch  et  al.  (Figure  7 of  Reference  6)  show  a shift  of  0.  1 eV 
over  a smaller  fraction  of  total  charge  collected  than  in  the  pres- 
ent case. 

In  comparing  the  results  of  the  CTRW  and  multiple -trapping 
models,  it  should  be  borne  in  mind  that,  in  principle,  the  CTRW 
model  could  be  modified  to  include  a spread  in  activation  energies. 
However,  this  complicates  further  a model  that  already  seems 
more  complicated  than  the  multiple -trapping  model.  Furthermore 
it  seems  that  if  the  dispersion  caused  by  a spread  in  activation 
energies  plus  that  due  to  a spread  in  hopping  distances  (a  basic 
feature  of  the  CTRW  model)  were  both  to  occur,  the  total  disper- 
sion would  be  greater  than  actually  observed. 

If  the  present  model  is  valid,  the  "activation  energies"  ob- 
tained from  the  type  of  analysis  illustrated  by  Figures  16  and  17 
do  not  correspond  to  an  actual  energy  level  position  but  to  a time 
dependent  effective  level  position  produced  by  a continuous  distri- 
bution of  energy  levels.  It  is  informative  to  compare  the  results 
of  Figures  16  and  17  to  the  analytical  results  shown  in  Figure  10. 
Figure  10  indicates  that  at  a give  time  a narrow  range  of  energy 
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level  positions  will  dominate  the  trapping  process.  The  middle 
curves  of  Figures  16  and  17  (G  = 50)  correspond  to  a point  where 
about  43%  of  the  holes  have  been  collected.  Both  Figures  16  and 
17  yield  activation  energies  at  this  point  of  about  0.  35  eV.  Fig- 
ure 10  indicates  that  for  the  quasi-continuous  mathematical  model 
employed,  at  the  corresponding  point  (total  trap  occupancy  = 0.  57) 
the  0.36  eV  level  is  still  dominant,  but  very  shortly  the  0.  39  level 
becomes  dominant.  Thus,  in  a continuum  the  dominant  energy 
level  position  would  be  about  0.  37  eV.  The  agreement  between 
the  apparent  activation  energy  and  the  predicted  dominant  energy 
level  position  is  another  indication  of  the  success  of  the  multiple - 
trapping  model. 

An  impediment  to  acceptance  of  the  multiple -trapping  model 
has  been  the  observation  by  Harari  et  al.  of  an  optical  activation 
energy  of  1 . 8 eV  through  photodepopulation  measurements  in  SiC>2 
films  at  78°K.  The  optical  measurements  were  not  transient 
measurements.  Rather,  holes  were  first  created  by  ionizing  radi- 
ation and  photodepopulation  measurements  performed  subsequently. 
A typical  time  for  the  entire  experiment  was  ^lh.  The  multiple - 
trapping  model  predicts  that  at  78°K  and  at  3 x 103  s the  dominant 
trap  level  will  be  at  ^-0.  3 eV  and  will  vary  about  7%  over  one  dec- 
ade in  time.  The  resultant  ratio  of  optical  to  electronic  transition 
energies  of  ^6  is  considerably  larger  than  the  factor  of  two  expected 
from  simple  theory.  *9  The  origin  of  this  discrepancy  is  not  clear. 
Possibly  there  is  a discrete  level  deeper  in  the  band  in  addition  to 
the  distribution  postulated  here.  It  should  be  noted  that  the  ioniza- 
tion dose  used  by  Harari  et  al.  was  very  large  compared  to  the 
dose  used  in  the  present  investigation.  In  fact,  irradiation  was 
continued  until  the  flatband  voltage  shift  saturated,  indicating  that 
all  traps  were  filled.  Relative  occupancy  may  be  quite  different 
under  high  and  low  dose  conditions.  If  the  shallow  levels  have 
larger  capture  cross  sections,  they  will  fill  more  rapidly  than  the 
deeper  levels  and  have  a more  pronounced  effect  at  low  doses 
even  though  they  are  present  in  lower  concentrations.  Large 
doses  will  tend  to  fill  all  the  levels  and  reflect  the  total  distribu- 
tion, irrespective  of  relative  cross  sections . Furthermore,  the 
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optical  data  of  Harari  et  al.  indicate  the  presence  of  a substantial 
number  of  levels  in  the  lower  energy  range.  Their  data  do  not 
extend  below  -^1  eV  in  photon  energy  and  the  population  of  levels 
seems  to  be  increasing  with  decreasing  energy  in  this  range. 
Perhaps  the  1 . 8 eV  levels  represent  only  a fraction  of  the  total 
number  of  hole  traps  present.  Additional  optical  investigation  in 
the  lower  photon  energy  range,  with  elapsed  time  from  irradia- 
tion as  a parameter,  would  be  useful  to  resolve  this  problem. 

It  is  interesting  to  examine  some  of  the  experimental  data  in 
terms  of  hole  mobility.  One  can  determine  a mobility  through 
the  relationship  p = v/F  where  v is  the  hole  velocity.  (Mobilities 
determined  here  arc  not  those  for  holes  in  the  valence  band,  but 
are  trap -modulated  mobilities.)  Assuming  that  the  total  charge 
in  the  oxide  at  a given  time  is  T| P0 > where  pQ  is  the  initial  con- 
centration and  is  the  fraction  of  holes  not  swept  out  of  the  sam- 
ple, and  that  dp/dt  is  the  rate  of  change  of  hole  charge  deter- 
mined from  current  measurements,  the  hole  velocity  is  given  by 

v = (dp/dt)  (L/tipo),  (12) 

where  L is  the  sample  thickness.  Mobility  is  then  given  by 

P = (dp/dt)  (L2/V  npo),  (13) 

where  V is  the  applied  voltage. 

Data  from  Reference  21  (see  Section  2.0)  were  used  to  deter- 
mine mobility  as  defined  through  Eq.  (13).  Results  based  on  the 
point  where  one -half  the  generated  hole  charge  is  collected  are 
plotted  in  Figure  18.  The  data  show  an  apparent  activation  energy 
of  0.  30  eV  (almost  exactly  the  dominant  energy  level  position  at 
50%  collection  as  determined  from  Figure  10),  and  a field  depend- 
ence explained  by  the  Poole-Frenke  effect  discussed  earlier.  If 
the  curves  of  Figure  18  are  extrapolated  to  room  temperature, 
the  following  values  are  obtained: 

p(T  = 300°K,  V = 21  volts)  = 3 x 10  ^ cm2/volt-sec, 

p(T  = 300°K,  V = 54  volts)  = 5 x 10  ^ cm^/volt-sec . 

21 

J.  R.  Srour,  S.  Othmer,  O.  L.  Curtis,  Jr.,  and  K.  Y.  Chiu, 
IEEE  Trans.  Nucl.  Sci.  23,  1513  (1976). 
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Figure  18.  Measured  hole  mobility  as  a function 
of  reciprocal  temperature. 


63 


The  high-field  data  at  low  temperature  demonstrate  certain 
behavior  not  taken  into  account  in  the  model  presented  here  and 
which  is  unimportant  with  respect  to  any  of  the  data  presented 
prior  to  Figure  18.  The  "excess"  mobility  illustrated  in  Figure  18 
is  only  weakly  temperature  dependent  and  shows  an  extraordinary 
dependence  on  field.  In  Figure  19  mobility  values  at  90°K  and  at 
total  collected  charges  of  12%  and  24%  are  plotted  logarithmically 
as  a function  of  field,  and  it  is  seen  that  p « F^-6.  These  data 
are  remarkably  similar  to  the  high -field  dependence  of  dark  cur- 
rent in  SiO  observed  by  Servini  and  Jonscher^l  and  analyzed  by 
Hill1  in  terms  of  tunneling.  In  any  case,  a field-assisted  emis- 
sion process  not  accounted  for  by  a simple  Poole -Frenkel  barrier 
lowering  seems  to  be  important. 

It  is  interesting  to  consider  whether  a distinction  between  the 
CTRW  and  multiple -trapping  models  can  be  made  on  the  basis  of 
sample  thickness  dependence  (assuming  it  is  possible  to  make 
SiO^  films  of  different  thicknesses  with  otherwise  identical  prop- 
erties). For  a fixed  field,  the  CTRW  model  predicts^  a time- 
scale  shift  for  charge  transport  of  (Lj/I^)*'0,  where  a,  the 
CTRW  dispersion  parameter,  is  determinable  from  initial  slopes 
of  I(t)  curves  and  is  equal  to  0.28  if  evaluated  using  the  present 
data.  The  predicted  time  shift  is  thus  equal  to  In 

the  multiple -trapping  model,  the  effect  of  thickness  would  be 
manifested  through  the  right-hand  side  of  Eq.  (4).  For  uniform 
excitation,  the  rate  of  sweepout  of  free  holes  will  be  inversely 
proportional  to  thickness  since  each  hole  has  proportionately  fur- 
ther to  travel;  therefore,  kj  « (L)_*.  Thus,  the  effect  of  varying 
L is  illustrated  by  Figure  11.  There,  in  terms  of  L,  the  two 
uppermost  curves  correspond  to  (Lj/L^)  = 0.75.  The  corres- 
ponding time  to  reach,  for  example,  one-half  collection  is  (t j ) - 
0.46.  By  comparison,  (0.75)3-®,  the  value  predicted  by  the  CTRW 
model  for  (tj/t^),  is  0.  35,  a somewhat  stronger  dependence  on 
thickness.  Doubling  the  thickness  shifts  the  time  scale  in  the 
present  model  by  6.5,  while  the  CTRW  model  prediction  is  2^-^, 
or  12.1.  Considering  the  problems  of  sample  uniformity,  it 
seems  unlikely  that  an  experiment  with  samples  of  different 
thicknesses  would  clearly  differentiate  between  the  two  models. 
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The  charge  transport  model  presented  here  explains  our  ex- 
perimental data  remarkably  well.  It  would  be  valuable  to  apply 
the  model  to  other  oxides  in  order  to  determine  whether  the  agree- 
ment is  as  good  under  different  material  preparation  conditions 
and  this  has  not  yet  been  done  quantitatively.  However,  it  is  use- 
ful to  make  at  least  a qualitative  comparison  between  our  results 
and  experimental  data  obtained  by  others  . Figure  7 of  Reference  6 
(Boesch  et  al.  ) shows  data  roughly  equivalent  to  those  in  our  Fig- 

12>  with  the  results  of  the  CTRW  model  superimposed.  (Note 
that  the  CTRW  model  only  predicts  the  shape  of  the  charge  trans- 
port curve,  not  its  absolute  shift  in  time  with  temperature.  ) The 
data  from  Reference  6 and  similar  data  shown  in  Figure  2 of 
Reference  7 and  Figure  1 of  Reference  24  (Hughes  et  al.  ) clearly 
indicate  a steepening  of  charge  collection  curves  at  higher  tem- 
peratures, as  predicted  by  the  multiple -trapping  model  but  not  by 
the  basic  CTRW  model.  The  data  from  Reference  6 show  some- 
what greater  time  dispersion  and  the  data  from  Reference  24 
somewhat  less  dispersion  than  those  presented  herein,  indicating 
that  different  defect  parameters  would  be  required  to  obtain  a fit. 
While  there  app^ar^to  be  no  qualitative  problem  in  fitting  the  data 
of  Hughes  et  al.  ' with  the  multiple -trapping  model,  the  data  of 
Boesch  et  al.  appear  to  show  somewhat  more  dispersion  relative 
to  the  shift  in  activation  energy  than  would  be  expected  from  the 
formulation  of  the  multiple -trapping  model  presented  here.  Later 
data  from  the  same  group^O  appear  to  indicate  even  less  of  a spread 
in  activation  energy.  It  is  not  clear  whether  the  multiple -trapping 
model  could  be  modified  to  accommodate  those  data. 

There  is  another  feature  present  in  the  data  of  McLean  et  al.20 
which  is  not  present  in  our  data  and  which  is  not  predicted  by  the 
multiple -trapping  model  as  employed  here.  Using  SiOz  with  dif- 
ferent processing  histories  than  those  employed  here,  they  ob- 
served a low-activation -energy  process  which  dominates  low- 
temperature  behavior,  in  addition  to  the  ''-0.4  eV  process  reported 
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here  for  higher  temperatures  . We  see  a similar  effect,  but  only 
at  higher  fields  (see  Figure  19  and  accompanying  discussion.  ) 
Perhaps  the  low  temperature  portions  of  the  data  from  References 
20  and  24  also  correspond  to  a field-assisted  tunneling  process, 
or  perhaps  there  is  in  their  samples  a hopping  type  of  conduction 
that  dominates  at  low  temperatures.  They  explain  their  results  in 
terms  of  polaron  motion.  24 

The  data  from  Reference  20  show  less  dispersion  and  appar- 
ently a smaller  spread  in  activation  energy  than  either  the  data  of 
Reference  6 or  the  data  presented  here.  In  our  model  less  dis- 
persion corresponds  to  a more  rapid  decrease  in  energy  level 
density  away  from  the  band  edge.  This  would  seem  to  lead  to  a 
narrow  spread  in  activation  energy. 

One  difference  between  the  data  employed  here  and  those  re- 
ported by  McLean  et  al.^0  may  be  of  profound  significance.  The 
data  reported  here  were  obtained  under  low-level  conditions. 
Changing  the  excitation  conditions  by  an  order  of  magnitude  pro- 
duced no  observable  change  in  the  transport  characteristics.  The 
total  energy  deposited  during  the  excitation  pulse  was  on  the  order 
of  80  rads,  while  ->-20  krads  were  used  in  generating  the  data  of 
Reference  20.  It  is,  of  course,  possible  that  the  transport  proc- 
ess is  different  at  high  doses  because  of  filling  of  trap  levels. 
(Recent  experiments  at  our  laboratory  (see  Section  4.0)  indicate 
that  after  large  doses,  the  hole  mobility  at  low  temperatures  is 
nearly  field  independent  and  does  not  follow  the  strong  dependence 
illustrated  in  Figure  19  for  low-dose  conditions.)  Differences  in 
experimental  technique  may  also  be  important.  Boesch  etal.k>9>!7,20 
used  flatband  voltage  shift  to  investigate  the  charge  collection  proc- 
ess. As  is  well  recognized,  room-temperature  flatband  shifts  are 
primarily  determined  by  the  trapping  of  holes  transported  to  the 
interface.  Shallower  traps  near  the  interface  could  affect  the 
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Figure  19.  Measured  hole  mobility  at  90°K  as  a 
function  of  applied  field. 
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lower  temperature  measurements.  Any  temporary  trapping  of 
holes  by  such  traps  would  tend  to  make  the  charge  collection  proc- 
ess as  measured  by  flatband  shift  appear  more  dispersive  than  it 
actually  is  . 

The  physical  significance  of  R in  our  model  is  probably  that 
a larger  p means  a greater  amount  of  disorder,  corresponding  to 
a longer  "tail"  in  the  states  near  the  valence  band  (see  Eq.  (4)  ). 
Thus,  the  greater  the  amount  of  disorder,  the  greater  the  amount 
of  dispersion.  On  the  other  hand,  the  CTRW  model  is  said  to  pre- 
dict less  dispersion  for  greater  disorder.  ^ jt  would  be  interesting 
to  compare  the  samples  used  by  different  investigators  in  terms  of 
disorder,  but  it  is  not  clear  how  this  would  be  accomplished. 

32 

Silver  and  Cohen  have  performed  an  analysis  of  multiple 
trapping  behavior  for  amorphous  solids.  They  too  employed  an 
exponential  trap  distribution  and  found  that  experimental  data  for 
amorphous  Se  were  explained  at  least  as  well  by  a multiple -trap - 
ping  model  as  by  the  Scher -Mon troll  model.  The  Monte  Carlo  ap- 
proach used  by  Silver  and  Cohen  was  completely  different  than 
that  employed  here  and  yet  produced  consistent  results.  The  p res- 
ent technique  has  an  advantage  over  the  Monte  Carlo  approach  in 
that  much  less  computer  time  is  needed  so  that  details  of  the 
transport  process  can  more  easily  be  investigated. 

3.5  CONCLUSION 

A mathematical  model  for  the  multiple -trapping  description 
of  hole  transport  in  SiO^  films  has  been  formulated  and  compared 
with  experimental  data.  A continuous  trap  distribution  was  as- 
sumed with  a concentration  as  a function  of  energy  that  decreases 
exponentially  with  energy  separation  from  the  valence  band.  Ad- 
justing the  rate  parameters  in  the  differential  equation  describing 
the  multiple -trapping  process  and  the  parameter  describing  the 
width  of  the  exponential  trap  distribution  resulted  in  a good  fit  to 
the  measured  dependence  of  collected  charge  versus  time  follow- 
ing pulsed  excitation  at  a single  temperature . With  no  adjustment 
of  parameters  with  temperature,  the  following  results  were  — 
obtained: 
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(1)  Charge  collection  curves  at  other  temperatures  were 
accurately  predicted. 

(2)  The  magnitudes  and  features  of  the  time  dependence 

of  hole  current  extending  over  five  orders  of  magnitude 
in  current  and  six  orders  of  magnitude  in  time  were  ac- 
curately predicted. 

(3)  The  magnitude  of  apparent  activation  energy  and  its 
spread  in  time  were  accurately  predicted  from  behavior 
at  a single  temperature. 

This  model  is  proposed  as  an  alternative  to  the  CTRW  model.  By 
comparison: 

(1)  The  CTRW  model,  as  implemented,  does  not  predict  the 
magnitude  of  the  temperature  shift  of  charge  collection 
curves . 

(2)  The  CTRW  model  does  not  predict  the  change  in  the  shape 
of  charge  collection  curves  with  temperature  that  is  ex- 
perimentally observed  here. 

(3)  The  long-time,  low-current  portion  of  the  current  versus 
time  curves  presented  here  is  incorrectly  predicted  by 
the  CTRW  model. 

(4)  The  CTRW  model  does  not  predict  from  behavior  at  a 
single  temperature  the  magnitude  of  observed  activation 
energies . 

(5)  The  basic  CTRW  model  does  not  account  for  a spread  in 
observed  activation  energies. 

It  is  submitted  that  the  multiple -trapping  model  is  the  super- 
ior one  for  explaining  hole  transport  in  SiC>2  films,  at  least  for 
the  particular  material  and  experimental  conditions  analyzed. 

It  must  be  borne  in  mind  that  the  data  utilized  here  were  ob- 
tained for  one  particular  type  of  oxide  film.  It  appears  that  the 
multiple -trapping  model  will  adequately  describe  many  of  the  data 
obtained  by  other  researchers.  However,  some  of  the  data  show 
more  dispersion  than  would  be  expected  from  the  small  apparent 
shift  in  activation  energy  displayed.  It  is  not  clear  whether  the 
multiple -trapping  model  could  accommodate  those  data.  The  data 
least  compatible  with  the  multiple -trapping  model  were  obtained 
using  high  excitation  levels,  and  flatband  voltage  shifts  were  used 
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to  determine  indirectly  the  amount  of  charge  transport.  Under 
high  excitation  conditions  the  nature  of  the  charge  transport  proc- 
ess may  be  different  than  that  observed  here,  and  flatband  meas- 
urements will  be  strongly  affected  by  any  holes  that  are  trans- 
ported to  and  temporarily  trapped  at  the  interface.  These  factors 
may  also  influence  the  observation^®’  of  an  additional  low- 
activation-energy  process  at  low  temperatures,  or  that  process 
may  be  caused  by  field  emission  or  hopping  and  be  observable 
only  when  the  transport  process  postulated  here  has  become  very 
slow. 

While  by  comparison  the  multiple -trapping  model  seems 
superior  to  the  CTRW  model,  the  latter  approach  is  quite  success- 
ful in  describing  many  features  of  hole  transport.  This  fact  raises 
the  question  whether  data  for  other  materials  explained  by  a sto- 
chastic hopping  transport  model  might  be  explained  better  by  a 
multiple -trapping  description,  e.g.,  a -As£Se3  and  trinitro- 
fluorenone  -polyvinylcarbazole . ^ 
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SECTION  4.0 


LOW-TEMPERATURE  PHENOMENA  IN 
IRRADIATED  MOS  DEVICES 

4.  1 INTRODUCTION 

Various  low-temperature  applications  of  MOS  devices  have 
arisen  in  the  past  few  years,  including  amplification,  signal  proc- 
essing, and  infrared  imaging.  Charge  transfer  devices  (CTDs) 
and  MOS  transistors  are  used  in  these  applications  at  operating 
temperatures  less  than  100°K.  If  such  devices  are  also  employed 
in  a radiation  environment,  behavior  can  significantly  differ  from 
that  for  room-temperature  operation  (see  Section  2.0  and  refer- 
ences therein).  In  particular,  flatband  voltage  shifts  for  MOS 
capacitors  (or  threshold  voltage  shifts  for  MOS  transistors)  are 
considerably  larger  at  low  temperatures  than  at  room  tempera- 
ture. The  reason  for  this  is  that  holes  generated  in  the  oxide 
layer  by  ionizing  radiation  are  relatively  immobile  at  low  temper- 
atures except  when  the  field  applied  during  irradiation  is  high 
(>2  x 10^  V/crn).21  It  is  significant  to  note,  as  discussed  in  Sec- 
tion 2.0,  that  devices  which  are  radiation  tolerant  at  room  tem- 
perature exhibit  significant  radiation-induced  changes  at  low 
temperatures  . 

This  section  presents  analyses  and  data  relating  to  radiation 
effects  on  MOS  devices  at  low  temperatures.  We  first  discuss 
several  radiation  hardening  methods  that  may  find  application  at 
such  temperatures.  That  discussion  serves  as  an  introduction  to 
the  remainder  of  the  present  section  in  which  experimental  results 
a*-d  analyses  pertaining  to  these  suggested  hardening  approaches 
are  given. 

4.2  MOS  HARDENING  APPROACHES  AT  LOW 
TEMPERATURES 

The  basic  effects  of  total  ionizing  dose  on  an  MOS  device  are 
charge  buildup  in  the  oxide  layer  and  interface  state  production  at 
the  Si02-Si  interface.  Charge  buildup  gives  rise  to  flatband  and 
threshold  voltage  shifts,  and  interface  state  creation  causes  chan- 
nel mobility  reduction  in  transistors  and  increases  in  dark  current 
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and  transfer  inefficiency  in  CTDs.  As  mentioned  above,  charge 
buildup  in  SiC^  is  significantly  more  severe  at  low  temperatures 
than  at  room  temperature.  An  understanding  of  the  basic  mech- 
anisms associated  with  this  phenomenon  leads  us  to  suggest  the 
following  four  approaches  to  alleviating  charge  buildup  problems 
at  low  temperatures:  (1)  carefully  select  the  field  applied  to  the 
oxide;  (2)  ion  implant  the  oxide;  (3)  use  a thin  oxide;  (4)  use  an 
insulating  film  other  than  SiO^.  This  last  item  is  not  pursued  here. 
Such  an  approach  may  prove  to  be  impractical,  but  it  should  be 
noted  that  Boesch  has  recently  found  AI2O3  films  on  silicon  to 
be  significantly  more  radiation  tolerant  at  low  temperatures 
than  their  Si02  counterparts.^ 

The  first  potential  hardening  approach  --  selection  of  applied 
field  --  arose  from  our  observation^  * that  holes  are  mobile  at 
high  fields  in  Si02  films  irradiated  at  low  temperatures.  Trans- 
porting holes  out  of  the  oxide  reduces  the  threshold  shift  in  an  ir- 
radiated transistor.  We  have  explored  this  concept  through  ex- 
periment and  analysis  and  findings  are  presented  below.  Regarding 
the  approach  of  hardening  by  ion  implanting  the  oxide,  Section  2.0 
presented  data  showing  the  improved  radiation  tolerance  achieved 
by  this  method  (see  Figure  7 and  associated  discussion).  In  the  pres- 
ent section,  further  analysis  of  ion  implantation  effects  is  given, 
including  a treatment  of  the  effect  of  implantation  depth  on  oxide 
hardness.  The  third  hardening  approach  --  use  of  a thin  oxide  -- 
is  beneficial  for  devices  operated  at  room  temperature.  This 
same  procedure  is  also  applicable  for  low-temperature  operation 
because  the  total  amount  of  positive  charge  trapped  throughout  the 
oxide  decreases  with  decreasing  thickness  and  therefore  threshold 
voltage  shift  will  also  decrease.  We  do  not  treat  oxide  thickness 
effects  as  a separate  topic  in  this  section  but  instead  consider  it 
within  the  context  of  the  effects  of  both  ion  implantation  and  applied 
field . 

Section  4.3  presents  an  analysis  of  radiation  hardening  at  low 
temperatures  via  ion  implantation.  In  Section  4.4,  the  effects  of 
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applied  field  on  flatband  voltage  shift  are  analyzed.  Section  4.  5 
presents  experimental  results  on  the  field  dependence  of  charge 
buildup  at  low  temperatures  . Included  in  that  subsection  is  a 
description  of  the  procedure  used  to  fit  experimental  data  based 
on  the  analysis  of  Section  4.4.  Section  4.6  describes  an  improved 
model  which  was  also  utilized. 

4.  3 ANALYSIS  OF  ION  IMPLANTATION  EFFECTS 

Consider  the  MOS  structure  of  Figure  20.  The  oxide  of 
thickness  tQX  is  ion  implanted  and  the  implantation  depth  is  dj. 

The  mean  electron  range  (schubweg)  u,e  in  the  implanted  zone  be- 
tween the  metal-Si02  interface  and  dj  is  given  by  pe7eE,  where 
pe  and  Te  are  mobility  and  lifetime,  respectively,  and  E is  ap- 
plied electric  field.  For  the  present,  it  is  assumed  that  at  low 
temperatures  all  holes  generated  in  the  oxide  by  ionizing  radiation 
in  both  the  implanted  and  unimplanted  zones  are  immobile.  (A 
portion  of  the  generated  holes  will  initially  recombine  and  we  ig- 
nore this  for  now  also.  ) All  electrons  generated  in  the  unim- 
planted zone  are  assumed  to  be  completely  swept  out  of  that  region, 
either  into  the  implanted  zone  or  into  the  silicon  depending  on  the 
polarity  of  the  applied  bias.  The  case  of  a positive  bias  applied  to 
the  metal  electron"  is  considered  here. 

Electrons  generated  in  the  implanted  region  will  move  an 
average  distance  U)e  toward  the  metal  electrode  before  being  per- 
manently trapped.  Thus,  the  average  position  of  these  trapped 
electrons  is  a distance  (dj  - me)/2  from  the  metal-Si02  interface. 
Electrons  generated  in  the  unimplanted  region  of  the  oxide  will  be 
swept  toward  the  implanted  zone  and  move  an  average  distance  uie 
into  this  region  before  being  permanently  trapped.  The  average 
position  of  these  trapped  electrons  is  a distance  d^  - u<e  from  the 
metal-Si02  interface.  Thus,  electrons  trapped  at  two  average 
positions  in  the  implanted  region  will  serve  to  compensate  for  a 
portion  of  the  positive  charge  which,  by  assumption,  is  trapped 
uniformly  throughout  the  implanted  and  unimplanted  zones. 

It  is  of  interest  to  compare  expected  flatband  voltage  shifts 
for  implanted  and  unimplanted  MOS  capacitors.  For  an  unim- 
planted unit,  the  average  position  of  the  trapped  charge  (all  posi- 
tive --  no  electrons  trapped)  is  at  tox/2.  The  effectiveness  of 
trapped  charge  in  giving  rise  to  a flatband  voltage  shift  is  propor- 
tional to  its  distance  from  the  metal  electrode.  Thus,  the  flatband 
voltage  shift  is  given  by 
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(1) 


AV  (iinimplaiUcd)  = Q + /2C  = t Q + /2eS, 

ID  OX  OX 


where  Cox  is  oxide  capacitance,  e is  dielectric  constant,  S is 
area,  and  Q+  is  the  total  amount  of  positive  charge  trapped  in  the 
oxide.  (In  Eq.  (1),  the  "effectiveness"  factor  is  (tOK/l)/tOK,  or 
1/2.)  For  an  implanted  sample,  the  two  contributions  to  AVf^ 
from  trapped  electrons  are  subtracted  from  the  trapped  hole  con- 
tribution. In  addition,  different  fractions  of  the  total  amount  of 
negative  charge  generated  (Q“)  are  trapped  at  the  two  average 
positions.  The  resulting  expression  is 
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ID 


t Q 
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Upon  dividing  Eq.  (2)  by  Eq.  (1)  and  noting  that  Q+  ■ Q_,  we  obtain 
(after  rearrangement) 


AV^  (implanted) 

A V^un  implanted) 


(3) 


Equation  (3)  relates  the  expected  reduction  in  accom- 

plished by  implantation  to  both  the  schubweg  in  the  implanted  zone 
and  the  implantation  depth.  In  order  to  perform  example  calcu- 
lations,  a value  for  iue  is  needed.  Previous  work^2  yielded  a 
Ke  Te  value  at  room  temperature  of  ~2  x 10-12  cm2/V  for  the  im- 
planted zone  of  20-keV  Al^-implanted  specimens  (fluence  = 10  ^ 
cm'2).  For  an  applied  field  of  10^  v/cm,  this  value  translates  to 
a value  for  uie  of  200  k.  (Presumably,  by  implanting  to  a higher 
fluence  U)e  would  be  reduced.)  We  assume  that  uie  is  temperature 
independent  and  thus  that  the  peTe  value  obtained  at  room  temper- 
ature can  be  applied  at  low  temperatures.  The  primary  tempera- 
ture dependence  expected  is  that  of  capture  cross-section  and  this 
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consideration  is  neglected  here  for  simplicity.  Figure  21  presents 
results  of  calculations  performed  using  Eq.  (3).  The  quantity  AVfl-, 
(implanted)/AVjy)(unimplanted)  is  plotted  versus  implantation  depth 
for  three  values  of  oie  (20,  100,  and  200  A)  and  an  oxide  thickness 
of  1000  A.  The  i le  value  of  200  A was  chosen  to  be  representative 
of  conditions  for  a field  of  10^  V/cm  and  an  implantation  fluence 
of  10*5  cm"2.  The  lower  values  of  0Je  were  selected  to  examine 
the  expected  effects  of  high  fluences  (i.e.,  shorter  electron  schub- 
weg).  The  intuitively  obvious  results  are  obtained:  increasing 
the  ratio  of  implantation  depth  to  oxide  thickness  and/or  reducing 
the  electron  schubweg  reduces  AVfb  for  an  implanted  specimen 
relative  to  that  for  an  unimplanted  unit.  For  example,  implanting 
ions  to  a depth  of  800  A at  such  a fluence  to  cause  0Je  to  equal 
20  A is  predicted  to  reduce  AVj^  by  a factor  of  13. 

Calculations  were  also  made  to  illustrate  the  effect  of  varying 
the  applied  field.  Figure  22  shows  the  calculated  ratio  of  AV^fim- 
planted)  to  AV^ (unimplanted)  versus  implantation  depth  for  various 
values  of  applied  field.  Values  of  1000  A and  2 x 10"^  cm^/V 
were  assumed  for  tox  and  pe  ie,  respectively.  (Note  that  the 
10^  V/cm  curve  in  Figure  22  is  identical  to  the  uue  = 200  A curve 
in  Figure  21.  ) The  interpretation  of  calculations  such  as  these 
is  straightforward.  For  a given  value  of  (J-cTe  in  the  implanted 
zone,  increasing  the  field  increases  the  electron  schubweg  with 
the  result  that  a larger  fraction  of  the  electrons  generated  escape 
being  trapped  in  the  implanted  zone.  Thus,  the  degree  of  com- 
pensation of  trapped  positive  charge  diminishes.  For  example, 
Figure  22  shows  that  for  an  implantation  depth  of  800  A increasing 
the  applied  field  from  10^  to  2 x 10^  V/cm  increases  the  quantity 
AVft^implanted)/ AVflj (unimplanted)  from  0.40  to  0.68. 

As  mentioned  above,  hole  transport  was  neglected  in  the  pres- 
ent treatment  of  implanted  devices.  However,  previous  work^ 

(see  Section  2.0  of  this  report)  has  shown  that  holes  are  mobile 
in  unimp lantcd  SiC>2  films  at  high  fields.  Thus,  in  a more  com- 
plete analysis  of  charge  compensation  and  charge  buildup  in  im- 
planted specimens  at  low  temperatures,  one  should  consider 
motion  of  holes  out  of  the  unimplanted  zone  into  either  the  silicon 
substrate  or  into  the  implanted  region,  depending  on  the  polarity 
of  the  applied  bias.  Such  additional  analysis  was  not  performed 
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Figure  21. 


The  calculated  ratio  of  A (imp lan ted)  to  AVfb (unim- 
planted) versus  implantation  depth  for  three  values  of 
electron  schubweg. 
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Figure  22.  The  calculated  ratio  of  (implanted)  to  AVfljfunim- 
planted  versus  implantation  depth  for  several  values 
of  applied  field. 
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here.  In  a practical  device,  it  is  likely  that  the  applied  field 
would  be  lov.  enough  so  that  hole  transport  could  be  neglected. 
However,  hole  transport  is_  treated  below  for  the  case  of  unim- 
planted  specimens  irradiated  at  77°K  and  it  is  demonstrated  that, 
in  practice,  one  should  consider  utilizing  a relatively  high  applied 
field  to  reduce  charge  buildup  effects  at  low  temperatures. 

In  addition  to  neglecting  hole  transport,  initial  recombination 
of  generated  electrons  and  holes  was  not  considered  in  the  above 
discussion.  The  assumption  was  made  in  previous  work^  that 
ion  implantation  has  no  effect  on  the  processes  of  generation  and 
initial  recombination  of  electron -hole  pairs,  and  that  same  as- 
sumption was  made  here  in  developing  Eq.  (3).  That  is,  the  same 
fraction  of  generated  pairs  is  assumed  to  initially  recombine  in 
both  implanted  and  unimplanted  specimens  at  low  temperatures. 
The  validity  of  this  assumption  should  be  examined  in  future  com- 
parisons of  theory  and  experiment. 

4.  4 ANALYSIS  OF  APPLIED  FIELD  EFFECTS 

The  effects  of  applied  field  on  charge  buildup  in  unimplanted 
oxides  at  low  temperatures  are  treated  here.  We  assume  for  an 
unimplanted  specimen  that  all  generated  electrons  escaping  initial 
recombination  are  swept  out  of  the  oxide,  leaving  behind  trapped 
holes.  Figure  23  shows  an  incremental  oxide  thickness  dx  con- 
taining a hole  density  p.  The  contribution  to  flatband  voltage 
shift  by  this  element  can  be  expressed  as 


The  quantity  p is  that  hole  density  remaining  after  initial  recom- 
bination has  taken  place.  If  we  assume  a uniform  trapped  hole 
concentration  p to  exist  throughout  the  entire  oxide,  the  resulting 
flatband  shift  is  given  by 
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Figure  23.  Schematic  of  an  MOS  structure  showing  an  incremental 
oxide  thickness  containing  a positive  charge  density. 
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Figure  19. 


Measured  hole  mobility  at  90°K  as  a 
function  of  applied  field. 
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If  initial  recombination  of  holes  is  neglected,  the  total  positive 
charge  density  generated  by  ionizing  radiation  can  be  calculated  by 
assuming  18  eV/pair  (translates  to  7.9  x 10^2  pairs /cm 3rad  for 
Si02).  Then,  in  terms  of  ionizing  dose  y in  rads  (Si),  the  quantity 
p in  coul/cm3  can  be  expressed  as 

p = 1. 26  x 10'6  y . (6) 

Flatband  voltage  shift  (Eq.  (5)  ) in  volts  is  then  given  by 

AV  = 1.82  x 106  yt2  , (7) 

fb  ox 

where  tQX  is  in  cm.  Once  again,  expressions  (6)  and  (7)  assume 
no  initial  recombination  of  generated  electron -hole  pairs.  To 
empirically  account  for  recombination,  these  two  expressions 
should  be  multiplied  by  the  fractional  electron  yield  at  a given 
field  (assuming  no  hole  motion). 

We  now  consider  charge  buildup  in  more  detail  at  low  tem- 
peratures and  specifically  take  hole  motion  into  account.  Fig- 
ure 24  illustrates  a simple  model  of  low-field  (^  10^  V/cm)  be- 
havior at  low  temperatures.  Part  (a)  of  this  figure  shows 
uniformly  generated  electron-hole  pairs  at  t=0.  At  t=0+  (part 
(b)  ),  a portion  of  these  pairs  have  already  recombined  and  all  of 
the  remaining  electrons  arc  swept  out,  leaving  a uniform  "frozen- 
in"  trapped  hole  distribution.  At  higher  applied  fields,  hole  trans- 
port occurs*^  and  Figure  25  depicts  a simple  model  for  high-field 
effects.  Uniformly  generated  electron -hole  pairs  are  shown  in 
part  (a)  at  t=0.  Part  (b)  shows  the  situation  at  t=0+  when  electrons 
have  already  been  swept  out.  At  high  fields,  initial  recombination 
is  negligible  and  thus  essentially  all  generated  holes  remain  in  the 
oxide  at  t=0  . Part  (c)  of  Figure  25  illustrates  behavior  at  some 
later  time  t=tj.  A positive  bias  on  the  metal  electrode  is  assumed 
here  and  the  uniform  hole  population  is  shown  to  have  moved  a 
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LOW -FI  ELD  (£106  V/cm)  MODEL 


+ “ + 

+ 


+ + 


+ 


A.  AFTER  PAIR  GENERATION  AT  t « 0 


B.  AFTER  ELECTRON- HOLE  RECOMBINATION  AND  SWEEP  - 
OUT  OF  THE  REMAINING  ELECTRONS  AT  t - 0+ 


Figure  24.  Illustration  of  a simple  low-field  model  for  charge 
buildup  in  MOS  structures  at  low  temperatures. 


least  compatible  with  the  multiple -trapping  model  were  obtained 
using  high  excitation  levels,  and  flatband  voltage  shifts  were  used 
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HIGH-FIELD  I >106  V/cm)  MODEL 


A.  AFTER  PAIR  GENERATION  AT  t * 0 


B.  AFTER  ELECTRON-HOLE  RECOMBINATION  (NEGLIGIBLE 
AT  HIGHEST  FIELDS)  AND  SWEEPOUT  OF  THE  REMAIN- 
ING ELECTRONS  AT  t ■ 0+ 


C.  AFTER  TRANSPORT  OF  THE  HOLE  POPULATION 
A DISTANCE  d(  AT  t - tj  (POSITIVE  BIAS  ON  a£) 


Figure  25.  Illustration  of  a simplified  model  for  high-field  behavior 
of  MOS  structures  irradiated  at  low  temperatures. 
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"transport  distance"  dt  in  a time  tj.  In  the  present  simplified 
treatment,  the  entire  distribution  of  holes  is  assumed  to  move 
uniformly  as  depicted  in  Figure  25(c).  It  is  likely  that  this  as- 
sumption does  not  correspond  to  physical  reality  but  does  serve 
as  a reasonable  starting  point  for  analysis.  (A  more  realistic 
model  is  treated  in  Section  4.6.  ) 

Consider  the  case  of  a large  positive  bias  applied  to  the  metal 
electrode  of  an  MOS  structure  irradiated  at  low  temperatures 
(Figure  25).  At  a given  time  t=tj  after  irradiation,  the  hole  dis- 
tribution is  assumed  to  have  moved  a distance  dt  toward  the  sili- 
con. The  flatband  voltage  shift  at  this  time  can  be  expressed  as 


t 


For  an  applied  negative  bias,  the  positive  charge  distribution 
moves  toward  the  metal  electrode  and  at  time  tj  has  moved  a 
distance  dt  measured  from  the  SiO^-Si  interface.  We  obtain  for 
this  case 


Equations  (8)  and  (9)  can  be  viewed  as  yielding  the  temporal  de- 
pendence of  &V£k  since  dj.  is  a function  of  time  following  bombard- 
ment. For  a fixed  time  following  bombardment,  variations  in  dt 
can  be  obtained  by  employing  different  values  of  applied  field  to  a 
set  of  samples  irradiated  and  measured  under  otherwise  identical 
conditions . 

Figure  26  shows  results  of  calculations  using  Eq.  (8)  for  the 
case  of  irradiation  to  a dose  of  105  rads  (Si).  Shown  is  flatband 
voltage  shift  versus  oxide  thickness  for  several  values  of  trans- 
port distance  dt  with  a positive  bias  applied  to  the  metal  electrode. 
Figure  27  shows  results  of  similar  calculations  for  an  applied 
negative  bias  (Eq.  (9)  ).  Both  figures  illustrate  the  decrease  in 
AVfb  that  occurs  with  increasing  hole  transport  distance  and  with 
decreasing  oxide  thickness  (for  a given  dt).  Figure  28  presents 
calculated  flatband  voltage  shift  versus  charge  transport  distance 
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OXIDE  THICKNESS  (A) 


Figure  26.  Calculated  flatband  voltage  shift  versus  oxide  thick 
ness  with  transport  distance  as  a parameter  for  an 
MOS  structure  irradiated  to  10^  rads  (Si)  with  posi- 
tive bias  applied  to  the  metal  electrode. 
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10  rads) Si) 
NEGATIVE  BIAS 


AVfb  * 1.82  xlO11  (tox- dtfvolts 


tional  to  its  distance  from  the  metal  electrode, 
voltage  shift  is  given  by 


Thus,  the  flatband 
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Figure  28.  Calculated  flatband  voltage  shift  versus  charge 
transport  distance  for  a 910  A oxide  irradiated 
to  10  rads  (Si).  Results  for  both  positive  and 
negative  bias  are  shown. 
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for  the  case  of  a 910  k oxide  irradiated  to  10  rads(Si).  Calcula- 
tions for  both  positive  and  negative  bias  are  shown  and  the  intui- 
tively obvious  relative  radiation  tolerance  for  the  negative -bias 
case  is  quite  evident. 

4.  5 EXPERIMENTAL  RESULTS 

Experiments  were  performed  to  examine  the  applied  field 
dependence  of  charge  buildup  in  MOS  capacitors  irradiated  at  low 
temperatures.  Devices  employed  in  this  study  were  fabricated  at 
Hughes  Aircraft  and  supplied  by  Dr.  E.  Harari.  Radiation -hard- 
ening procedures  developed  by  Aubuchon10  were  used  in  the  fab- 
rication of  Al-gate  MOS  capacitors  on  an  n-type  silicon  substrate 
(1000  C dry  thermal  oxide,  910  A thickness).  Irradiations  were 
performed  at  both  room  temperature  and  77°K  using  the  Co60 
source  at  Northrop  Research  and  Technology  Center.  The  dose 
rate  for  these  experiments  was  40  rads(Si)/s  as  determined  by 
CaF  thermoluminescent  dosimeters.  Flatband  voltage  was  deter- 
mined at  several  total  doses  for  each  device  from  jn  situ  capaci- 
tance-vs-voltage  measurements  made  with  a PAR  Model  410  CV 
plotter  (1  MHz). 

Figure  29  shows  flatband  voltage  shift  at  105  rads  (Si)  versus 
voltage  applied  during  irradiation  for  a group  of  MOS  capacitors. 
Data  are  shown  for  77°K  and  room  temperature  and  each  data 
point  was  obtained  from  measurements  on  a single  device.  That 
is,  forty  devices  were  used  to  acquire  the  data.  Figure  30  shows 
similar  data  after  a total  dose  of  106  rads(Si)  for  the  same  de- 
vices represented  in  Figure  29.  For  + 10V  applied,  the  77°K  volt- 
age shift  at  this  dose  is  a factor  of  7.  5 larger  than  that  at  room 
temperature.  For  an  applied  voltage  somewhat  less  than  or  con- 
siderably greater  than  + 10V,  the  flatband  shift  at  77°K  is  signifi- 
cantly less  than  the  peak  value. 

The  rather  interesting  double-hump  structure  of  low-temper- 
ature data  in  Figures  29  and  30  can  be  understood  qualitatively  in 
terms  of  the  simple  model  described  above  and  illustrated  in  Fig- 
ures 24  and  25.  Briefly,  at  low  fields  (<2  x 106  V/cm)*a  portion 
of  the  electron -hole  pairs  generated  in  the  oxide  recombine.  Elec- 
trons escaping  recombination  are  swept  out  while  remaining  holes 
are  "frozen  in."  As  the  field  is  increased,  a larger  fraction  of 
electrons  escape  recombination  leaving  a larger  amount  of 

10 

K.  G.  Aubuchon,  IEEE  Trans.  Nucl.  Sci.  1J5,  117  (Dec.  1971). 
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Figure  30.  Flatband  voltage  shift  at  10  rads(Si)  versus  applied 
voltage  for  MOS  capacitors  irradiated  at  77°K  and  at 
room  temperature. 
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Figure  21.  The  calculated  ratio  of  AV/|,(implanted)  to  iV^iumm- 
planted)  versus  implantation  depth  for  three  values  of 
electron  schubweg. 
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uniformly-distributed  positive  charge.  Thus,  AVfl,  at  a given  dose 
increases  with  increasing  applied  voltage.  At  higher  fields,  the 
holes  become  mobile  which  results  in  less  positive  charge  in  the 
oxide  and  thus  gives  rise  to  the  observed  decrease  in  AV  with 
increasing  bias . ^ 

As  discussed  in  Section  2.0,  a complication  arises  when  com- 
paring expected  and  measured  flatband  voltage  shifts  at  low  tem- 
peratures for  doses  greater  than  -vlO5  rads  (Si).  At  such 
doses,  the  oxide  field  will  be  perturbed  due  to  the  substantial 
charge  buildup  that  exists.  This  perturbation  is  manifested  as  a 
decrease  in  field  near  the  metal-Si02  interface  and  an  increase  in 
field  near  the  Si02-Si  interface.  In  the  increased  field  region, 
hole  transport  will  occur  if  the  field  there  is  greater  than  2 x 10^ 
V/cm.  In  the  decreased  field  region  more  initial  recombination 
of  generated  electron-hole  pairs  will  occur.  Flatband  voltage 
shifts  will  be  reduced  by  both  of  the  above  mechanisms  relative  to 
values  expected  on  the  basis  of  a uniform  field  throughout  the  ox- 
ide. Hence,  in  analysis  of  the  present  experimental  results  we 
only  treat  data  obtained  at  105  rads  (Si)  in  an  attempt  to  avoid  these 
complications.  (Recent  calculations  by  Boesch  and  McGarrity17 
for  an  oxide  of  thickness  similar  to  that  utilized  here  indicate  non- 
negligible  field  modification  at  105  rads  (Si)  for  a device  irradi- 
ated at  80°K  with  a 10V  bias.  Assuming  that  their  calculations  ap- 
ply quantitatively  to  the  present  experimental  conditions,  it  still 
appears  likely  that  the  predicted  field  perturbation  for  this  dose 
would  not  significantly  alter  conclusions  made  below  which  are  based 
on  data  fitting  with  a simple  model  and  with  a more  realistic  model. ) 

Analysis  of  flatband  shift  versus  applied  voltage  data  in  Fig- 
ure 29  was  performed  with  the  aid  of  Eqs.  (8)  and  (9).  At  105 
rads  (Si)  for  an  oxide  thickness  of  910  k,  Eq.  (8)  can  be  expressed 
as 


H.  E.  Boesch,  Jr.,  and  J.  M.  McGarrity,  IEEE  Trans. 
Nucl.  Sci.  23,  1520  (1976). 
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The  coefficient  15.2  only  applies  for  the  case  of  no  initial  recom- 
bination. That  is,  the  maximum  predicted  value  of  AV^  is  15.2V 
and  this  value  should  result  when  all  holes  generated  at  10^  rads 
are  trapped  without  being  transported  and  all  generated  electrons 
are  swept  out  of  the  oxide.  Similarly,  Eq.  (9)  can  be  written  as 
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Boesch  and  McGarrity  determined  the  field  dependence  of 
carrier  yield  for  M OS  capacitors  irradiated  at  80°K.  Discussion 
of  their  findings  is  given  below,  but  for  now  we  note  that  the  yield 
was  nearly  saturated  for  fields  >2  x 10^  V/cm.  As  a starting 
point  for  analysis,  we  therefore  assume  that  all  generated  electrons 
escape  recombination  and  are  swept  out  of  the  oxide  for  fields 
>2  x 10^  V/cm  in  the  present  experiments.  For  this  regime, 

Eqs . (10)  and  (11)  thus  apply  for  positive  and  negative  bias,  re- 
spective ly . 


Figure  31  shows  the  positive  bias  data  of  Figure  29  replotted 
in  terms  of  oxide  field.  All  of  the  applied  voltage  appears  across 
the  oxide  for  this  case  since  devices  were  biased  into  accumula- 
tion. Figure  32  presents  the  negative  bias  data  of  Figure  29  as  a 
function  of  oxide  field.  It  should  be  noted  that  in  order  to  trans- 
late applied  voltage  into  oxide  field  for  these  data,  it  was  necessary 
to  subtract  off  that  portion  of  the  applied  voltage  appearing  across 
the  depletion  region  in  the  semiconductor  substrate.  For  applied 
voltages  greater  than  the  inversion  voltage  V^riv  on  a given  C-V 
curve,  a voltage  equal  to  the  difference  between  V^  and  Vinv  was 
subtracted  from  the  applied  bias.  For  applied  biases  in  between 
Vfb  and  Vjny,  a voltage  equal  to  the  difference  between  Vf^  and 
the  applied  voltage  was  subtracted  from  the  applied  voltage.  This 
procedure  is  not  exact  but  should  be  a good  approximation,  partic- 
ularly when  the  applied  bias  is  considerably  larger  than  Vfb- 

Analysis  of  the  positive  bias  data  of  Figure  31  is  considered 
first.  Under  the  assumption  of  yield  saturation  for  fields  greater 
than  2 x 10  V/cm,  Eq.  (10)  can  be  employed  to  calculate  values 
for  transport  distance  dt  at  high  fields  by  using  measured  values  of 
17 

H.  E.  Boesch,  Jr.,  and  J.  M.  McGarrity,  IEEE  Trans. 

Nucl.  Sci.  23,  1520  (1976). 
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Figure  32.  Flatband  voltage  shift  at  77°K  after  10”1  rads  (Si)  versus 
oxide  field  for  the  case  of  an  applied  negative  bias  dur- 
ing irradiation.  Results  of  data  fitting  are  also  shown 
(see  text  for  discussion). 
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AV£v  . The  values  of  dt  thus  obtained  are  those  required,  based 
on  the  simple  charge  transport  model  being  used,  to  yield  the  ex- 
perimental data.  Results  are  shown  in  Figure  33  (open  triangles). 
For  now,  the  reader's  attention  is  directed  to  the  four  highest- 
field  triangular  data  points.  The  maximum  value  of  dj.  is,  by 
definition,  tQX  and  this  saturation  level  is  indicated  in  the  figure. 

A straight-line  fit  to  three  of  the  four  points  being  considered  (the 
highest  field  point  being  excluded  since  it  lies  in  the  saturation 
regime)  has  unity  slope  and  suggests  a linear  dependence  of  dt  on 
E.  Such  a relation  was  assumed  and  used  to  obtain  the  fit  to  high- 
field  data  in  Figure  31  labeled  "charge  transport."  Equation  (10) 
was  employed  for  this  purpose. 


The  next  step  in  the  analysis  was  to  empirically  fit  a "yield- 
vs  -field"  curve  to  the  low-field  data  of  Figure  31.  At  low  fields, 
increasing  the  field  sweeps  a larger  fraction  of  the  generated  elec- 
trons out  of  the  oxide,  thus  causing  AVfj,  to  increase.  The  criter- 
ion employed  was  to  obtain  a yield -vs -field  curve  that,  when  con- 
sidered simultaneously  with  the  charge  transport  curve,  would 
yield  a good  composite  fit  to  the  experimental  data.  The  resulting 
yield -vs -field  curve  is  shown  in  Figure  31  along  with  the  compos- 
ite fit  to  the  data  (solid  curve).  (To  obtain  this  fit,  the  charge 
transport  curve  is  simply  multiplied  by  the  yield -vs -field  curve 
normalized  to  its  saturation  value.  ) Having  obtained  a yield-vs- 
field  cugve,  one  can  then  use  Eq.  (10)  to  calculate  dt  at  fields 
<2  x 10  V/cm  by  simply  using  the  appropriate  field -dependent  co- 
efficient (i.e.,  <15.2)  obtained  from  this  curve.  Figure  33  shows 
three  corrected  triangular  points  (solid)  obtained  by  this  method 
and  it  is  seen  that  all  values  (except  the  one  in  the  saturation  re- 
gime) are  now  fit  quite  well  by  a unity-slope  line.  (This  "correc- 
tion"  procedure  actually  forces  those  calculated  dj.  values  which 
deviate  from  the  unity  slope  line  to  agree  with  it.  ) The  three  un- 
corrected open-triangle  points  at  fields  <2  x 106  V/cm  deviate 
from  this  line  due  to  the  effect  of  the  yield- vs -field  curve  on  charge 
transport.  That  is,  the  charge  transport  curve  by  itself  does  not 
take  initial  recombination  into  account.  We  also  note  that  the  ob- 
servation of  dj  depending  linearly  on  oxide  field  is  at  first  surpris- 
ing, and  this  feature  is  discussed  below. 


The  negative  bias  data  of  Figure  32  are  now  considered.  The 
same  fitting  procedure  as  described  for  the  positive  bias  case  was 
employed  except  that  Eq.  (11)  was  used  instead  of  Eq.  (10).  Use 
of  this  equation  to  calculate  dt  at  high  fields  yielded  the  results 
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Figure  33.  Calculated  transport  distance  dt  versus  oxide  field. 

Calculations  were  performed  using  Eqs . (10)  and  (11) 
in  conjunction  with  measured  values  of  AV^. 
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shown  in  Figure  33.  The  relation  a E^*  ^ is  seen  to  describe 
the  data  well  except  for  the  two  lowest-field  points  which  are  in- 
fluenced by  the  variation  of  yield  with  field  as  in  the  positive  bias 
case.  (Corrected  values  of  these  two  points  are  shown  in  the  fig- 
ure also  --  solid  circles.  ) The  resulting  charge  transport  fit  is 
shown  in  Figure  32,  along  with  the  yield-vs -field  curve  required 
to  obtain  the  composite  fit  to  the  data.  Figure  34  shows  fits  to  both 
positive  and  negative  bias  data  taken  from  Figures  31  and  32. 

It  is  of  interest  to  compare  the  yield -vs -field  fits  of  Fig- 
ures 31  and  32  with  results  of  other  studies.  Figure  35  compares 
the  present  yield-vs -field  curves  with  that  obtained  by  Boesch  and 
McGarrity*'  for  13-MeV  electron-bombarded  specimens  at  80°K 
and  with  room  temperature  data  (5-keV  electrons)  obtained  at 
these  laboratories.  **  Data  of  Boesch  and  McGarrity  is  for  positive 
bias  and  the  present  positive  bias  curve  is  similar  in  shape  to  their 
curve.  The  magnitudes  are  in  reasonable  agreement  also.  At 
10”  V/cm  we  obtain  a fractional  yield  of  0.73  as  compared  to  0.86 
for  their  data.  Differences  between  results  of  Boesch  and  the 
present  findings  (Figure  35)  may  be  attributable  in  part  to  partial 
recovery  of  during  the  relatively  slow  Co^®  irradiations  as 
compared  to  pulsed  13-MeV  electron  bombardment  where  measure- 
ments were  performed  ^1  ms  after  the  pulse.  Specimen  r1  '* 
ences  may  also  play  a role.  Regarding  differences  betw 
low-energy  electron  curve  in  Figure  35  and  the  other  three  . ves 
(Co^O,  13-MeV  electrons),  it  is  thought  that  geminate  recombina- 
tion dominates  in  the  latter  cases  whereas  columnar  recombination 
is  important  in  the  former  case,  and  this  may  provide  the  ex- 
planation for  the  discrepancy.  (Additional  discussion  of  this  point 
is  given  in  Section  4.6.  ) 

4.6  IMPROVED  MODEL 

The  inadequacy  of  the  simple  model  described  in  Section  4.4 
in  accounting  for  the  experimental  results  presented  above  is  il- 
lustrated in  Figure  33.  Calculation  of  transport  distance  versus 


lJ.  R.  Srour,  O.  L.  Curtis,  Jr.,  and  K.  Y.  Chiu,  IEEE 
Trans.  Nucl.  Sci.  Zl_,  73  (Dec.  1974). 

*^G.  A.  Ausman  and  F.  B.  McLean,  Appl.  Phys . Lett.  26, 
7 3 (1975). 

*'H.  E.  Boesch,  Jr.,  and  J.  M.  McGarrity,  IEEE  Trans. 
Nucl.  Sci.  23,  1520  (1976). 
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Figure  35.  Fractional  yield  versus  oxide  field  for  the  present 
study  and  for  two  earlier  investigations.  The  posi- 
tive and  negative  bias  curves  were  taken  from  Fig- 
ures 31  and  32,  respectively. 
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field  with  this  model  yielded  dt  <*  E for  positive  bias  whereas 
dt  <*  E2-  ^ was  obtained  for  negative  bias.  One  expects  the  value 
of  dt  to  be  independent  of  polarity  for  a given  absolute  value  of 
field  in  the  oxide.  This  deficiency  led  us  to  develop  an  improved, 
more  realistic  model  which  is  described  herein. 

Figure  36  depicts  the  refined  model  in  which  a distribution  of 
hole  mobilities  is  taken  into  account.  That  is,  at  a given  time  fol- 
lowing carrier  excitation  the  more  mobile  holes  have  been  swept 
out  of  the  oxide  while  their  less  mobile  counterparts  remain  there 
until  some  later  time.  Such  a viewpoint  is  consistent  with  both 
the  multiple -trapping  model  and  the  CTRW  model  of  charge  trans- 
port in  Si02*  (See  Section  3.0  for  a description  of  these  models.  ) 
Shown  in  the  figure  is  an  MOS  capacitor  with  a charge  density  p, 
dependent  on  distance  x,  superimposed  on  the  oxide.  The  solid 
line  depicts  the  charge  distribution  at  a particular  time  after  ex- 
citation and  we  characterize  this  distribution  in  terms  of  a trans- 
port distance  d^  as  in  the  basic  model.  However,  dt  is  defined 
differently  in  this  refined  model,  as  shown  in  Figure  36.  Addition- 
ally, it  is  assumed  in  this  model  that  when  dt  = ^ox^2,  ‘hen  P *s 
equal  to  its  maximum  value  Pq  only  at  the  SiO^-Si  interface.  That 
is,  the  slope  of  the  solid  line  in  the  figure  is  assumed  to  remain 
constant  as  charge  is  swept  out  of  the  oxide.  Expressions  for  flat- 
band  voltage  shift  in  terms  of  transport  distance  are  now  developed. 

We  first  consider  an  applied  positive  bias  (Figure  36)  for  the 
case  of  dt  £ tQX/2.  For  0 Sx  £ dt,  charge  density  p can  be  expressed 
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POSITIVE  BIAS  ON  ALUMINUM  ELECTRODE 


Figure  36.  Illustration  of  a more  realistic  model  for  the  motion 
of  charge  at  high  fields  and  low  temperatures  in  SiO^ 
(positive  bias  case). 
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Now  consider  the  case  of  dt  a tQX/2.  For  0Sx£(2d  - t), 

P=  0.  For  (2dQX  - t)  Sx  £ t we  can  write 


2(t  -d  ) 
ox  t 


(X  ' C*OX  -2(tOX  - V1  } = r-<'ox  - 2d,  ♦ <14> 


Thus , 


(t  - 2d  +x)xdx 
ox  t 


P0  (2  3 2 4 3\ 

= — — I — t - 2t  d + — d I. 

£ t \3  ox  ox  t 3 t / 
ox  ' / 


2d  -t 
t ox 


Figure  37  depicts  the  model  for  an  applied  negative  bias.  The 
solutions  for  in  this  case  are  different  than  for  positive  bias 

because  the  effectiveness  of  charge  diminishes  as  it  moves  toward 
the  Al-SiO^  interface.  We  first  consider  the  case  of  dt  £ t x/2. 
(Note  that  for  negative  bias  df.  is  defined  in  terms  of  distance 
from  the  SiO^-Si  interface  whereas  the  Al-Si02  interface  was  used 
as  a reference  for  this  quantity  in  the  positive -bias  case.  ) For 
0SxS(tox-  2dt),  p=Pq.  For  (tQX  - 2dt)  s x s tQX,  p can  be  ex- 
pressed as 
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NEGATIVE  BIAS  ON  ALUMINUM  ELECTRODE 


Figure  37.  Illustration  of  a more  realistic  model  for  the  motion 
of  charge  at  high  fields  and  low  temperatures  in  SiO? 
(negative  bias  case). 
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An  iterative  procedure  was  used  in  conjunction  with  Eqs . (13), 
(15),  (17),  and  (19)  to  calculate  transport  distance  dt  based  on 
measured  values  of  AV^  at  105  rads  (77°K  data  of  Figure  29). 
Figure  38  shows  results  of  these  calculations  in  terms  of  dfc  ver- 
sus oxide  field  for  positive  and  negative  bias.  For  fields  >3  x 
10  V/cm,  positive  and  negative  bias  results  are  in  very  good 
agreement  in  contrast  to  results  of  similar  calculations  made  us - 
ing  the  simple  model  (Figure  33).  These  high-field  results  are 
fit  reasonably  well  with  a unity-slope  line  as  shown  in  Figure  38. 
At  low  fields,  deviation  of  the  calculated  points  from  this  line  is 
due  to  the  influence  of  carrier  yield  on  charge  transport  as  was 
the  case  in  Figure  33.  (Note  that  no  "corrected"  points  are  shown 
iT1  I\i^ure238-)  The  unity-slope  fit  yields  dt  = kE,  where  k = 1.5  x 
10"  cm  V'1.  The  calculated  points  can  also  be  fit  with  a line  of 
nonunity  slope.  However,  by  neglecting  the  two  highest-field 
points  (one  positive  bias  and  one  negative  bias)  due  to  the  appar - 
en^  onset  of  saturation  and  by  neglecting  points  at  fields  %.  3 x 
10  V/cm  due  to  the  influence  of  a nonsaturated  yield -vs -field 
curve,  any  reasonable  resulting  fit  has  a slope  near  unity.  Ad- 
ditional high-field  data  would  be  required  to  obtain  a more  accur- 
ate relation  between  dt  and  oxide  field. 

The  expression  dt  = kE,  with  k = 1.  5 x 10"12  cm2V_1,  was 
then  used  to  fit  positive  bias  flatband  shift  data  at  105  rads  in  the 
same  manner  as  employed  with  the  simple  model  described 
earlier.  In  the  present  case,  Eqs.  (13)  and  (15)  were  utilized  to 
obtain  an  appropriate  charge  transport  curve.  Results  are  shown 
in  Figure  39  and  it  is  seen  that  an  excellent  fit  to  the  data  is  ob- 
tained. Using  the  same  expression  for  dt  and  applying  the  same 
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Figure  39. 


Flatband  voltage  shift  at  77°K  versus  oxide  field  for 
the  case  of  an  applied  positive  bias.  Results  of  data 
fitting  using  an  improved  model  are  shown  (see  text). 
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procedure  to  negative  bias  data  was  not  as  successful,  as  shown  in 
Figure  40.  The  charge  transport  curve  for  k = 1.  5 x 10“  ^ fits 
the  highest-field  data  but  deviates  from  data  at  intermediate  fields. 
Reducing  k to  1.4  x 10“^  improves  the  transport  fit  somewhat  as 
shown  in  the  figure.  We  also  note  that  a rather  severe  linear 
yield -vs -field  curve  is  required,  in  conjunction  with  either  of  the 
transport  curves  shown,  to  obtain  a fit  for  data  at  fields  < 2 x 
10  V/cm.  Although  the  general  features  of  the  negative  bias  data 
are  described  by  the  improved  modeling  approach,  the  fit  obtained 
is  only  fair  compared  to  the  positive  bias  case.  However,  the  im- 
portant point  to  note  is  that  the  improved  approach  has  removed 
the  dt  E vs  dt  <*  ^ discrepancy  while  still  providing  a semi- 

quantitative  description  of  both  positive  and  negative  bias  data. 

It  is  of  interest  to  compare  the  yield -vs -field  curve  in  Fig- 
ure 39  with  previous  results  as  was  done  above  for  the  simple 
model.  Figure  41  shows  this  curve  along  with  two  others  which 
are  also  shown  in  Figure  35.  The  shape  of  the  present  curve  and 
that  of  Boesch^  is  nearly  the  same  and  excellent  agreement  be- 
tween these  curves  is  noted  for  fields  ^Zx  10^  V/cm. 

4.7  DISCUSSION 

The  improved  model  described  above  was  much  more  success- 
ful in  accounting  for  the  experimental  data  than  the  simple  model. 
However,  because  of  the  problems  encountered  in  fitting  negative 
bias  data,  a better  model  was  sought.  McLean^  has  calculated 
charge  distributions  in  the  Si02  layer  of  an  MOS  capacitor  as  a 
function  of  time  after  bombardment  by  ionizing  irradiation  using 
the  CTRW  model.  An  initially  uniform  charge  distribution  was 
assumed.  The  shapes  of  his  calculated  curves  are  similar  to  those 
used  in  the  improved  model  employed  above,  but  his  curves  are 
more  closely  approximated  by  the  model  illustrated  in  Figure  4Z. 

In  this  model,  the  "transport  angle"  0 is  a variable  analogous  to 
dj.  in  the  previous  two  models.  For  8 = 0 no  holes  have  been  trans- 
ported out  of  the  oxide,  and  for  0 = 90°  all  holes  have  been  swept 


H.  E.  Boesch,  Jr.,  F.  B.  McLean,  J.  M.  McGarrity,  and 
G.  A.  Ausman,  Jr.,  IEEE  Trans.  Nucl.  Sci.  ZZ,  Z163  (1975). 

^H.E.  Boesch,  Jr.  , and  J.  M.  McGarrity,  IEEE  Trans  . 

Nucl.  Sci.  23,  1520  (1976). 

35  F . B.  McLean,  Harry  Diamond  Laboratories,  private 
communication . 
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Figure  40.  Flatband  voltage  shift  at  77°K  versus  oxide  field  for 
the  case  of  an  applied  negative  bias.  Results  of  data 
fitting  using  an  improved  model  are  shown  (see  text). 


OXIDE  FIELD  iV/cm) 


OXIDE  FIELD  (V/cm> 


Figure  41.  Fractional  yield  versus  oxide  field  for  the  present 
study  (from  Figure  39)  and  for  two  previous 
investigations . 


out.  Expressions  were  developed  for  A in  terms  of  0 and  the 
following  results  were  obtained.  For  positive  bias, 
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(Since  these  expressions  were  developed  using  normalized  vari- 
ables, it  is  necessary  in  actual  employment  of  Eqs . (20)  to  (23) 
to  set  1/2  e equal  to  the  maximum  value  of  AV^  [e.g.,  15.2V 
for  10^  rads(Si)  ]. ) 

Application  of  this  model  to  fit  experimental  data  at  10^  rads(Si) 
yielded  results  similar  to  those  obtained  using  the  improved  model 
described  in  Section  4.6.  That  is,  values  of  0 for  positive  and 
negative  bias  were  in  agreement  at  high  fields  and  the  variation  of 
9 with  field  could  be  fit  well  with  a line  of  unity  slope.  However, 
deviation  of  calculated  values  of  9 from  this  line  at  intermediate 
fields  resulted  in  the  same  problem  with  fitting  negative -bias  data 
as  illustrated  in  Figure  40.  To  sum  up,  the  "0"  model  illustrated 
in  Figure  42  was  as  successful  as  the  "improved"  model  illustra- 
ted in  Figures  36  and  37  in  fitting  experimental  data  but  both  models 
were  somewhat  inadequate  in  accounting  for  results  under  negative 
bias.  (It  is  possible  that  this  inadequacy  is  a reflection  of  the  ac- 
curacy of  the  data  rather  than  a reflection  on  the  model  employed. 

At  high  fields  where  AV„  varies  strongly  with  oxide  field,  it  may 
be  desirable  to  obtain  additional  data  since  the  transport  modeling 
procedures  applied  here  are  rather  sensitive  to  values  of  AV^  in 
this  regime.) 

We  also  considered  the  influence  of  an  initial  transport  dis- 
tance dQ  on  the  data  fitting  procedure  for  both  the  simple  and  the 
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Figure  42.  Illustration  of  a model  for  hole  transport  in  SiO^ 
which  makes  use  of  a variable  "transport  angle" 
0.  The  A1  electrode  is  positively  biased  here. 
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imp-oved  models  . Boesch  and  McGarrity^  observed  that  initial 
flatband  shifts  (i.e.,  shifts  at  early  times  following  pulsed  irradi- 
ation) at  80°K  differed  slightly  depending  on  the  polarity  of  the  ap- 
plied bias.  They  account  for  this  observation,  which  was  made  for 
oxide  fields  near  10^  V/cm,  in  terms  of  an  initial  transport  of 
holes  in  the  valence  band  subsequent  to  thermalization  but  before 
the  first  capture  event.  They  found  do  to  be  ^85  A at  -'-10^  V/cm. 

It  seems  reasonable  to  expect  that  d0  will  vary  directly  with  ap- 
plied field  and  thus  correspond  to  an  initial  schubweg.  Treated  in 
this  manner,  dQ  was  found  to  have  negligible  effect  on  the  fitting 
procedures  used  here  for  positive  bias  data.  For  negative  bias 
data,  an  initial  schubweg  has  an  important  effect.  However,  such 
a modification  to  the  improved-model  fitting  procedure  illustrated 
in  Figure  40  actually  causes  the  fit  at  high  fields  to  be  worse  than 
without  this  correction.  Independent  measurements  of  dQ  and  its 
field  dependence  are  needed  before  making  an  initial  schubweg 
modification  to  the  present  model.  In  any  case,  it  appears  that 
initial  transport  is  not  responsible  for  the  discrepancy  between 
experiment  and  analysis  illustrated  in  Figure  40. 

In  comparisons  between  results  using  the  simple  and  the  im- 
proved model,  one  feature  was  not  mentioned  above.  The  improved 
model  yields  a fit,  for  both  positive  and  negative  bias,  which  has  a 
shape  that  conforms  better  to  data  at  the  highest  fields  than  that 
for  the  simple  model  (compare  Figures  31  and  32  with  Figures  39 
and  40).  This  is  a further  indication  that  the  improved  model  is 
more  appropriate  for  describing  the  data. 

As  mentioned  earlier,  it  is  at  first  surprising  that  dt  was 
found  to  depend  linearly  on  field  for  the  positive  bias  data  of  Fig- 
ure 3 3 (simple  model)  and  for  data  of  both  polarities  in  Figure  38 
(improved  model).  Such  a dependence  yields  an  effective  hole 
mobility  that  is  independent  of  field.  To  calculate  mobility,  a 
characteristic  time  is  needed  first  in  order  to  obtain  carrier  ve- 
locity. A total  dose  of  1055  rads  is  delivered  in  41.7  min  at  a rate 
of  40  rads/s.  Thus,  a time  of  ~21  min  can  be  associated  with 
creation  of  the  average  carrier.  That  is,  the  average  carrier  has 
a transport  time  of  ~21  min  associated  with  it.  In  Figure  33, 


17 

H.  E.  Boesch,  Jr.,  and  J.  M.  McGarrity,  IEEE  Trans. 
Nucl.  Sci.  23,  1520  (1976). 
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d(dt)/dE  = kj  = 1.83  x 10'  2 cm^V'1,  and  we  thus  obtain  a mobility 
of  1.5  x 10'15  cm^/Vsec.  Similarly,  from  Figure  38  we  obtain  a 
mobility  of  1.2  x 10"^  cm^/Vsec.  These  field-independent  mo- 
bilities are  in  contrast  to  results  presented  in  Sections  2.0  and  3.0 
of  this  repor  n which  mobility  was  noted  to  depend  on  E at 
intermediate  'peratures  and  on  E^*°  at  low  temperature  (9C°K). 
We  also  note  i-  , the  mobilities  reported  here  are  smaller  than  the 
lowest  value  ( .0'^  cm^/V sec)  shown  in  Figure  19.  However, 
the  samples  used  to  obtain  the  results  in  that  figure  were  from  a 
different  batch  than  those  used  in  obtaining  data  for  the  present  sec- 
tion and  agreement  in  absolute  mobility  values  within  an  order  of 
magnitude  is  perhaps  reasonable. 

Regarding  differences  in  the  field  dependence  of  mobility,  it  is 
important  to  note  that  mobility  was  derived  in  a basically  different 
manner  here  than  in  Sections  2.0  and  3.0.  In  the  present  case,  a 
quantity  related  to  carrier  transport  was  measured  at  a fixed  time 
following  bombardment  whereas  in  previous  determinations  a fixed 
amount  of  transported  charge  was  used  as  the  basis  for  evaluating 
mobility.  We  have  found  that  evaluating  field-dependent  transport 
data  by  these  two  methods  can  yield  significantly  different  results 
and  most  likely  can  account  for  observation  of  a field -independent 
p in  one  case  and  p « E^*  ^ in  the  other.  Regarding  the  explanation 
for  observing  p®  E^-“  versus  observing  no  field  dependence,  two 
factors  appear  important.  First,  as  just  described,  the  mobility 
evaluation  methods  were  fundamentally  different  for  the  two  cases. 
Second,  different  samples  were  used.  This  factor  is  important  be- 
cause, as  reported  in  Sections  2.0  and  3.0,  at  90°K  we  observed 
negligible  hole  transport  at  fields  < 2 x 10^  V/cm  for  samples 
which  yielded  p“  E^*  ^ at  that  same  temperature.  On  the  other 
hand,  McLean  et  al.^®  noted  significant  low-temperature  transport 
at  10^  V/cm  for  samples  from  the  same  wafer  used  to  obtain  data 
presented  in  this  section  (4.0).  (See  Figure  3 of  Reference  20.) 
Thus,  although  a more  quantitative  assessment  may  be  needed,  it 
appears  that  the  rather  striking  differences  noted  among  observed 
field  dependences  of  mobility  can  be  accounted  for  on  the  basis  of 
different  evaluation  methods  and  on  specimen  differences. 


20 
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4.8  SUMMARY 


This  section  has  presented  information  regarding  the  low- 
temperature  behavior  of  MOS  devices  in  an  ionizing  radiation  en- 
vironment. Methods  were  given  for  alleviating  the  significant 
charge  buildup  that  occurs  at  such  temperatures  due  to  the  rela- 
tive immobility  of  holes.  Experimental  data  in  the  form  of  flat- 
band  voltage  shift  versus  oxide  field  were  presented  and  models 
for  describing  these  data  were  given.  Positive  charge  buildup  in 
irradiated  MOS  devices  at  low  temperatures  was  explained  in 
terms  of  the  dependence  of  carrier  yield  on  applied  field  and  hole 
transport  at  relatively  high  fields. 


SECTION  5.0 

IONIZING  RADIATION  EFFECTS  ON 
SILICON -ON -SAPPHIRE  DEVICES5" 


5.  1 INTRODUCTION 

Silicon -on -sapphire  MOS  devices  are  being  developed  for 
radiation -hardened  electronic  systems  because  (hey  have  several 
advantages  over  their  MOS-on -bulk -s ilicon  counterparts:  reduced 
transient  photoresponse;  elimination  of latchup:  increased  packing 
d.nsity  and  speed.  One  disadvantage  of  SOS  devices  is  the  occur- 
rence of  a significant  ioni /.ing -radiation  - induced  back-channel 
leakage  current  in  n-channel  transistors.  ~ This  phenomenon 
has  been  attributed  to  the  trapping  of  positive  charge  in  the  sap- 
phire near  the  s ilicon -sapphire  interface  which  induces  a conduc- 
ting channel  in  the  silicon.  We  have  performed  a detailed  study 
of  ionizing  radiation  effects  on  SOS  devices  with  emphasis  being 
placed  on  examination  of  back-channel  leakage  current  phenom- 
ena. Two  types  of  radiation -hardened  devices  were  investigated: 
(1)  custom  n-channel  transistors:  (Z ) 4007  inverters. 


This  section  describes  the  results  of  our  SOS  studies,  and 
the  following  topics  are  included:  (1)  comparison  of  threshold 
voltage  shifts  and  channel  mobility  degradation  for  devices  with 
wet  and  dry  gate  oxides;  (2)  radiation -induced  back-channel  leak- 
age current  comparison  for  wet  and  dry  devices:  (3)  bombarding 
electron  energy  dependence  of  back-channel  leakage  current; 

(4)  radiation-induced  reduction  of  back-channel  leakage  current: 

(5)  back-channel  leakage  current  studies  on  CMOS  inverters; 

(6)  studies  of  the  silicon-sapphire  interface  based  on  the  C -V  tech- 
nique of  Goodman^’^  and  the  transient  current  technique  of 
Lehovec.^l  The  reader's  attention  is  particularly  directed  to  the 


A portion  of  the  results  presented  here  along  with  additional 
related  findings  obtained  after  completion  of  this  program  are  con- 
tained in  a paper  to  be  published  in  the  Dec.  1977  issue  of  the  IEEE 
Transactions  on  Nuclear  Science. 

^5D.  Neamen,  W.  Shedd,  and  B.  Buchanan,  IEEE  Trans.  Nucl. 
Sci.  21,  211  (Dec.  1974). 

3-jrR.A.  K jar  and  J.  Peel,  IEEE  Trans.  Nucl.  Sci.  Z±,  208 
(Dec.  1974). 


3^K.M.  Schlesier,  IEEE  Trans.  Nucl.  Sci.  2 1 , 152  (Dec.  1974). 
^A.M.  Goodman,  IEEE  Trans.  Electron  Devices  2 1 , 753  (1974). 
A.M.  Goodman,  IEEE  Trans.  Electron  Devices  2^,  63  (1975). 
K . Lehovec  and  R . Miller , 1 976  IEDM  Technical  Digest , p.283. 
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discussion  of  radiation -induced  reduction  of  leakage  current.  This 
novel  mechanism  constitutes  a potential  remedy  for  leakage  cur- 
rent problems  in  SOS  devices  employed  in  a space  radiation 
environment. 

5.2  EXPERIMENTAL  CONSIDERATIONS 

A variety  of  experiment  techniques  were  used  in  this  study 
since  various  quantities  were  measured,  including  threshold  volt- 
age, channel  mobility,  back-channel  leakage  current,  SOS  C-V 
curves,  and  current  transients.  Each  of  these  techniques  is  de- 
scribed in  detail  below  in  the  appropriate  subsection.  In  the  pres- 
ent subsection,  descriptions  of  the  radiation  sources  used  and  the 
SOS  devices  employed  are  given.  Irradiations  were  performed 
using  the  Co^®  source  at  Northrop  Research  and  Technology  Center 
and  a Jeol  JSM-2  scanning  electron  microscope.  The  Co^®  dose 
rate  was  64  rads(Si)/s  in  most  cases  but  in  some  experiments  was 
reduced  to  4.  3 rads(Si)/s.  The  SEM  beam  energy  was  varied  over 
the  range  7.5  to  18.5  keV  for  the  purpose  of  studying  the  mechanisms 
of  back  channel  leakage  current  production. 

Silicon -on -sapphire  devices  examined  in  this  study  were  ob- 
tained from  various  sources.  Most  of  the  information  presented 
herein  resulted  from  studies  on  custom  n-channel  SOS  transistors 
fabricated  at  Hughes  Aircraft  (HAC)  under  the  supervision  of 
Dr.  E.  Harari.  Sapphire  wafers  containing  a silicon  epitaxial 
layer  (initial  thickness  0.  5 (im)  were  obtained  by  HAC  from  Union 
Carbide  and  devices  containing  both  wet  and  dry  gate  oxides  were 
then  fabricated.  All  processing  steps  were  identical  for  these  de- 
vices except  the  gate  oxidation.  Figure  43  outlines  the  HAC  proc- 
essing sequence.  Note  that  the  wet  oxide  was  grown  at  925°C 
whereas  the  dry-oxide  growth  temperature  was  1000°C.  The  gate 
metallization  on  75%  of  the  transistors  was  purposely  kept  thin 
(750  ±100  X ) to  permit  studies  with  a low-energy  electron  beam 
(SEM).  Channel  width  was  8.0  mils  and  channel  length  was  0.21 
±0.02  mil.  Figure  44  schematically  illustrates  a custom  n-channel 
SOS  transistor  with  a thin  gate  metallization.  Using  the  same 
masks,  SOS  capacitors  were  also  prepared  by  HAC  for  us  by  im- 
planting the  channel  with  phosphorus,  thus  yielding  an  all-n-type 
silicon  island. 

We  also  investigated  radiation -hardened  CMOS/SOS  inverters 
(4007)  obtained  from  three  manufacturers.  Devices  from  five  lots 
were  examined,  including  two  lots  from  each  of  two  suppliers  and 
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SOS  PROCESSING  SEQUENCE  (HAC) 


1.  GROW  OXIDE /NITRIDE  LAYER  TO  MASK  CHANNEL  DURING  SOURCE 
AND  DRAIN  DIFFUSION 

2.  SOURCE/DRAIN  DIFFUSION:  DRIVE-IN  OF  n+-DOPED  GLASS 

3.  IMPLANT  CHANNEL 

4.  GATE  OXIDATION  --  TWO  TYPES: 

(a)  WET  OXIDE  (PYROGENIC,  925°C) 

(b)  DRY  OXIDE  (1000°C) 

5.  DEPOSITION  OF  A?  FROM  A HEATED  CRUCIBLE 

6.  AC  ALLOY 


Figure  43. 


Processing  sequence  for  custom  n-channel  SOS  devices 
fabricated  for  NRTC  by  Hughes  Aircraft. 
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one  lot  from  the  other  source.  Measurements  on  these  devices 
were  restricted  primarily  to  radiation-induced  back-channel  leak- 
age current  on  n-channel  transistors. 


5.3  THRESHOLD  VOLTAGE  SHIFT  IN  SOS  TRANSISTORS 

Threshold  voltage  Vt  was  measured  as  a function  of  total  ion- 
izing dose  for  custom  n-channel  SOS  transistors  with  both  wet  and 
dry  gate  oxides.  The  experimental  technique  employed  was  the 
conventional  one  of  measuring  v^ds  versus  V^g  and  determining 
threshold  voltage  from  the  intercept  of  the  linear  portion  of  such 
data  with  the  Vcs  axis.  The  circuit  utilized  for  these  measure- 
ments is  described  in  Reference  13  and  is  based  on  the  use  of  a 
cur rent-to -voltage  converter  and  a Bell  and  Howell  Type  435 
square-root  module.  Irradiations  were  performed  using  Co^O  at 
a dose  rate  of  64  rads(Si)/s.  The  value  of  during  irradiation 

and  during  measurement  of  threshold  voltage  was  5V . This  value 
was  chosen  to  be  less  than  that  for  which  the  "kink  effect"  becomes 
evident  in  drain  current-voltage  characteristics.  Data  were  ob- 
tained for  VgS  = 0 (grounded  gate)  and  5V  during  irradiation. 

Figure  45  presents  threshold  voltage  versus  dose  for  wet  and 
dry  oxide  devices  irradiated  with  VgS  = 0.  At  10^  rads,  V de- 
creased by  only  0.3V  for  the  dry  case  which  is  a remarkable  de- 
gree of  radiation  tolerance.  The  wet  oxide  device  exhibited  an  in- 
crease in  Vj.  of  IV  at  the  same  dose  and  this  increase  is  presumably 
due  to  the  formation  of  negatively  charged  states  at  the  SiO^-Si 
interface.  McLean  et  al.  ® have  reported  that  interface  state  ef- 
fects are  more  important  in  wet  oxide  devices  than  in  dry  and  the 
present  findings  are  consistent  with  their  observations. 

Figure  45  also  shows  two  data  points  (solid)  obtained  after  a 
72h  room  temperature  anneal  subsequent  to  irrauiation.  Anneal- 
ing was  conducted  without  bias  voltages  applied  to  the  devices. 

The  threshold  voltage  for  the  dry  device  recovered  to  its  pre- 
irradiation  value  whereas  AVt  for  the  wet  unit  increased  from  IV  to 
1.3V.  These  observed  changes  in  Vj  during  the  annealing  period 
can  be  attributed  either  to  release  of  holes  trapped  near  the  SiO^-Si 

J.  R.  Srour,  S.  Othmer , O.  L.  Curtis,  Jr. , and  K.  Y.  Chiu, 
Harry  Diamond  Laboratories  Report  HDL-CR-76-161-1,  June 
1976. 

^F.  B.  McLean,  H.  E.  Boesch,  Jr.,  and  J.  M.  McGarrity, 
IEEE  Trans.  Nucl.  Sci.  23,  1506  (1976). 
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Figure  45.  Threshold  voltage  versus  dose  for  wet-  and  dry-oxide 
n-channel  SOS  transistors  irradiated  with  Vga  = 0. 
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interface  or  to  creation  of  additional  negatively  charged  states  at 
that  interface.  (In  general,  both  effects  may  be  occurring  simul- 
taneously. ) Winokur  et  al.42  observed  significant  increases  in 
interface  state  density  in  MOS  capacitors  at  long  times  following 
irradiation  and  this  phenomenon  may  be  occurring  in  the  present 
devices,  particularly  for  the  wet  oxide  case. 

Figure  46  shows  Vt  versus  dose  for  wet  and  dry  oxide  de- 
vices with  V„s  = 5V  during  irradiation.  For  the  dry  unit,  the 
maximum  value  of  AVt  is  -1.3V  which  is  considerably  larger  than 
for  the  zero-bias  data  of  Figure  45.  This  result  is  reasonable 
since  an  applied  positive  bias  causes  more  holes  to  be  transported 
to  the  SiO^-Si  interface  where  a portion  are  trapped.  For  the  wet 
transistor,  Vt  decreases  up  to  about  5 x 10^  rads  due  to  positive 
charge  buildup  but  increases  at  higher  doses  due  to  interface 
states.  It  is  interesting  to  note  that  very  little  change  in  Vt  occur- 
red during  the  annealing  period  for  the  wet  oxide  device  but  an  in- 
crease of  0.  5V  was  noted  for  the  dry  unit.  Additional  data  would 
be  required  to  determine  the  mechanism  dominating  post-irradiation 
behavior.  In  conclusion,  we  note  that  both  wet-  and  dry-oxide  tran- 
sistors are  quite  radiation  tolerant.  Under  worst-case  biasing 
conditions,  the  maximum  value  of  AVt  observed  up  to  10^  rads 
was  1.3V. 

5.4  CHANNEL  MOBILITY  DEGRADATION  IN 
SOS  TRANSISTORS 

Carrier  mobility  in  the  inversion  layer  of  MOS  transistors 
can  be  measured  in  several  ways.  The  most  meaningful  measure- 
ment, from  a practical  viewpoint,  is  that  which  yields  conductance 
mobility  pc.  This  quantity  is  obtained  directly  from  measure- 
ments of  the  conductance  between  source  and  drain,  and  when  the 
term  "channel"  mobility  is  employed  here  we  are  referring  to  the 
conductance  mobility.  Another  measurement  approach  commonly 
employed  yields  field -effect  mobility  p.fe.  We  have  performed 
measurements  of  fic  and  p£e  for  wet  and  dry  oxide  n -channel  SOS 
transistors  and  results  are  presented  in  this  section.  The  ap- 
proaches used  to  measure  these  quantitites  are  described  first, 
including  a detailed  description  of  our  solution  to  a device -related 
problem  in  determining  conductance  mobility. 

4^P.  S.  Winokur,  J.  M.  McGarrity,  and  H.  E.  Boesch,  Jr., 
IEEE  Trans.  Nucl.  Sci.  23,  1580  (1976). 
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Conductance  mobility  for  an  MOS  transistor  is  obtained  from 
measurements  of  channel  conductance  gc,  defined  as 


g 


c 


V 

gs 


(1) 


where  conventional  notation  is  employed.  Channel  conductance 
and  conductance  mobility  are  related  through  the  expression 


“c  = ecL/Qfw, 


U> 


where  Q£  is  the  induced  free  charge  per  unit  area  in  the  channel 
and  L and  W are  channel  length  and  width,  respectively.  The 
quantities  gc,  L,  and  W are  measured  and  one  must  then  deter- 
mine in  order  to  obtain  mobility.  Chen  and  Muller have  de- 
scribed an  approach  to  obtaining  the  free  charge  density  based  on 
determining  the  interface  (or  surface)  potential.  They  employed 
this  approach  in  measuring  conductance  mobility  versus  inversion 
layer  carrier  concentration  over  a wide  range.  Sah  et  al.44  em- 
ployed the  relation 


Qf  = 


ox 


(V 


gs 


-V) 


(3) 


to  obtain  the  free  charge  density,  where  CQX  is  oxide  capacitance 
per  unit  area.  This  expression  assumes  that  the  additional  gate 
voltage  applied  beyond  the  threshold  voltage  only  induces  free  car- 
riers; i.e.,  it  assumes  that  the  depletion  region  charge  density 
and  the  trapped  charged  density  at  interface  states  remain  unchanged. 
This  assumption  was  made  in  the  present  work.  We  therefore  obtain 


g L/WC  (V  -V). 
6c  ox'  gs  t 


(4) 


Equation  (4)  can  also  be  obtained  using  the  following  approach. 
At  very  low  values  of  V^g,  the  following  expression  applies: 

4^J.  T.  C.  Chen  and  R.  S.  Muller,  J.  Appl.  Phys . 45,  828 
(1974). 

44c.  T.  Sah,  T.  H.  Ning,  and  L.  L.  Tschopp,  Surface 
Science  32,  561  (1972). 
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p WC 
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d L ds  v gs  V 


Employing  Eq.  (1)  in  conjunction  with  Eq.  (5)  yields 


u WC  (V 
c ox  gs 


- Vt  ) /L, 


(6) 


which  rearranges  into  Eq.  (4).  (In  evaluating  pc  here,  typical 
values  of  V^g  employed  were  on  the  order  of  0.05V  so  that  Eq.  (5) 
applies.)  For  the  linear  operating  regime  where  pc  is  deter- 
mined, it  is  assumed  that  the  mobility  remains  constant  with  in- 
creasing gate  voltage.  This  can  be  checked  by  determining  gc  as 
a function  of  V^g,  and  the  slope  of  such  a plot  (presumably  linear) 
yields  pc.  Upon  denoting  this  slope  as  a,  Eq.  (4)  can  be  written 
as 


u = aL/WC  . (7) 

c ox 

A practical  problem  was  encountered  in  attempting  to  deter- 
mine conductance  mobility.  The  source  and  drain  regions  on  the 
custom  transistors  studied  were  not  doped  heavily  enough  during 
fabrication  with  the  result  that  Schottky  barriers  were  present  at 
the  source  and  drain  contacts.  Thus,  instead  of  linear  Ij  vs  Vjs 
characteristics  for  low  values  of  V^g,  such  characteristics  were 
nonlinear  due  to  the  superimposed  reverse  characteristic  of  the 
Schottky  diode.  In  order  to  obtain  linear  Ij  vs  V^g  curves  for  the 
purpose  of  accurately  determining  pc,  it  was  necessary  to  sub- 
tract off  this  diode  characteristic  and  the  following  approach  was 
employed. 

Consider  an  applied  drain  bias  V^s . A portion  (Vg ) of  this 
voltage  will  be  dropped  across  the  Schottky  diode  and  the  remainder 
(V^i)  of  this  voltage  will  be  dropped  across  the  channel  (Vjj  = 

Vds-  Vs).  If  Vs  were  known  then  Vdl  could  be  obtained.  However, 
the  diode  characteristic  is  not  known.  Figure  47  illustrates  a 
Schottky  diode  characteristic  and  two  hypothetical  1^  vs  V^g  curves 
for  two  values  o fVg8  (VgS  1 > vgs2^'  For  a §iven  value  of  Vp£J,  such 
as  Vggj  in  the  figure,  the  goal  is  to  determine,  for  some  fixed 
drain  current  such  as  1^,  the  corresponding  value  of  V^g  which 
would  be  observed  in  the  absence  of  the  Schottky  diode.  For  this 
example,  j is  the  desired  quantity.  The  V„s2  characteristic  of 
Figure  47  serves  as  a reference  curve  in  the  following  analysis. 
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which  rearranges  to 


ds  2 


V 


I'  Vt 


V - V 
ds  1 ds2 


V - V 
gs2  gsl 


(ID 


Substituting  Eq.  (11)  into  Eq.  (8)  yields 
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Equation  (12)  wras  used  to  obtain  corrected  values  of  Vds  for  var- 
ious valued  of  Id  and  a plot  such  as  that  illustrated  in  Figure  48 
for  a particular  value  of  V was  obtained.  (Data  points  are  for 
illustration  only.  ) This  plot  yields  channel  conductance  for  the 
chosen  value  of  . Similar  curves  were  obtained  for  other  V 
values,  thus  yielcfing  a plot  of  gc  versus  Vgg,  as  illustrated  in  ^ 
Figure  49.  As  discussed  above,  such  a plot  yields  conductance 
mobility  and  also  reveals  whether  linearity  is  obeyed. 

A frequently  determined  quantity  for  MOS  transistors  is  field- 
effect  mobility,  nfe.  This  quantity  is  defined  as 


d a 


ds 


fe 
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Figure  48.  Illustration  of  an  Ij  versus  V^s  curve  after  correcting 
the  original  characteristic  (Figure  47)  for  the  effects 
of  the  Schottky  diode  . 


Figure  49.  Illustration  of  a gc  versus  VgS  curve  obtained  from 
a family  of  curves  having  the  form  of  that  shown  in 
Figure  48. 
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where  a ^ is  channel  conductivity  and  Qg  is  the  total  charge  per 
unit  area  induced  in  the  semiconductor  surface  by  the  applied  field, 
including  bulk  charge  associated  with  the  depletion  region,  free 
charge  Qf,  and  that  portion  of  the  induced  charge  that  is  trap- 
ped at  interface  states.  Using  Eq.  (2)  we  obtain 


d«¥c> 


fe 


dQ 


dQ 


d^c 
f Qf  dQ 


(14) 


It  is  thus  seen  that  p£e  is  generally  not  equal  to  jjlc . For  the 
special  case  of  Qt  = 0 (no  trapping  of  induced  charge)  and  no  in- 
cremental changes  in  Q^,  we  obtain 


fe 


dpc 

^c  + Qf  dQ, 


(15) 


If  channel  mobility  varies  strongly  with  free  charge  density,  then 
Pfe  will  differ  considerably  from  pc. 

Field-effect  mobility  can  be  obtained  from  measurements  of 
transconductance  gm,  defined  as 
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m 


(16) 


A common  measurement  approach  is  based  on  the  following  ex- 
pression which  applies  in  the  saturation  region  of  the  drain 
characteristics 


ds 


p,  WC  ? 

^(V  -V)2 

2L  ' gs  t' 


(17) 


By  measuring  ./^ds  versus  VffS  at  some  constant  value  o f Vds  in 


saturation,  one  obtains  p£e  d!r  ectly  from  the  slope  of  such  a plot. 

45 

C.T.  Sah  and  H.  C.  Pao,  IEEE  Trans.  Electron  Devices  13, 

393  (1966). 
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Sah  and  Pao  have  discussed  differences  between  Hfe>  which 
is  measured  in  the  saturation  region,  and  pc,  which  is  measured 
in  the  linear  region.  They  presented  data  and  analyses  which  show 
that  pfe  is  reduced  with  respect  to  pc  due  to  the  effects  of  fixed 
charge  in  the  semiconductor  substrate  on  device  characteristics. 
Additionally,  channel  mobility  is  a function  of  carrier  density  in 
the  inversion  layer4*-1’47  and,  in  general,  mobility  measured  in  the 
saturation  region  may  be  considerably  smaller  than  mobility 
measured  for  very  small  Vds*  In  summary,  we  expect  p£e  to  be 
less  than  and  this  was  found  to  be  the  case  in  the  present  ex- 
periments, the  results  of  which  are  now  described. 

Table  I shows  measured  values  of  conductance  mobility  for 
wet-  and  dry-oxide  n-channel  SOS  transistors  before  and  after 
Co^-gamma  irradiation.  For  dry  devices,  the  change  produced 
in  pc  by  radiation  was  only  very  slight.  (In  two  of  the  three  cases 
presented,  pc  actually  exhibited  a small  increase.)  These  re- 
sults are  consistent  with  the  observation  of  negligible  interface 
state  effects  in  the  threshold  voltage  studies  presented  above. 

That  is,  production  of  interface  states  during  irradiation  will  in- 
crease scattering  and  thus  reduce  pc.  For  wet-oxide  transistors , 
after  10  ; rads  pc  was  reduced  to  80%  of  its  initial  value  for 
VgS  = 0.  After  107  rads,  pc  was  reduced  to  38%  and  47%  of  the 
initial  values  for  Vgg  = 0 and  5V,  respectively.  These  reductions 
are  qualitatively  consistent  with  the  interface  state  effects  ob- 
served for  wet-oxide  devices  in  threshold  voltage  studies. 

Figures  50  and  51  present  field-effect  mobility  versus  dose 
for  applied  values  of  VgS  during  irradiation  of  0 and  5V,  respec- 
tively. For  dry-oxide  devices,  only  a very  slight  decrease  in  pfe 
is  evident  after  107  rads,  which  is  consistent  with  both  pc  and  V( 
observations  for  these  units.  On  the  other  hand,  at  that  same 
dose  p£e  for  wet  transistors  was  reduced  to  60%  and  69%  of  the 
initial  values  for  Vgs  = 0 and  5V,  respectively.  These  findings 
are,  once  again,  in  qualitative  agreement  with  pc  and  Vt  data  for 
such  devices . 


45 

C.  T.  Sah  and  H.  C.Pao,  IEEE  Trans. 
1_3,  393  (1966). 

J.  R.  Brews,  J.  Appl.  Phys . 46,  2193 
47  J.  R.  Brews,  J.  Appl.  Phys.  46,  2181 
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Table  I.  Conductance  mobility  for  wet-  and  dry-oxide  n-channel 
SOS  transistors  before  and  after  gamma  irradiation. 
Bias  voltages  during  irradiation  are  also  shown. 
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Figure  50.  Field-effect  mobility  versus  dose  for  wet-  and  dry- 
oxide  n-channel  SOS  transistors  irradiated  with 
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Figure  51.  Field -effect  mobility  versus  dose  for  wet-  and  dry- 
oxide  n-channel  SOS  transistors  irradiated  with 

V = 5V. 
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Two  other  observations  should  be  made.  First,  room  tem- 
perature anneals  for  72 h without  bias  resulted  in  nearly  negligible 
changes  in  field-effect  mobility  as  shown  in  Figures  50  and  51. 
Second,  the  ratio  of  pc  to  p.£e  for  the  data  of  Table  I and  Figures 
50  and  51  is  ^3  for  dry  devices  and  ^4,  5 for  wet  units,  with  the 
ratio  for  both  types  of  devices  taken  together  being  ^3.8.  Additional 
data  would  be  required  to  determine  whether  the  mobility-ratio 
difference  between  wet  and  dry  devices  is  significant.  We  simply 
note  here  that  pc  is  significantly  larger  than  Pfe>  as  expected. 

5.5  BACK-CHANNEL  LEAKAGE  CURRENT  STUDIES  ON  SOS 
TRANSISTORS 

5.  5.  1 Introduction  and  Experimental  Techniques 

Studies  of  radiation -induced  back-channel  leakage  current  in 
custom  n-channel  SOS  transistors  are  reported  in  this  subsection. 
The  two  primary  topics  are:  (1)  comparison  of  data  for  wet-  and 
dry-gate-oxide  devices;  (2)  radiation-induced  reduction  of  leakage 
current.  Leakage  current  was  obtained  from  measurements  of 
drain  current  versus  gate  voltage  for  a constant  value  of  V^g , 
typically  5V.  Such  characteristics  were  recorded  on  an  x-y  plot- 
ter by  applying  a ramp  voltage  to  the  gate  electrode  and  monitor- 
ing drain  current  by  use  of  a current-to -voltage  converter.  This 
converter  consisted  of  an  operational  amplifier  (Burr  Brown  3523) 
with  a variable  feedback  resistor  (10^  - 10^  ohms).  In  addition  to 
obtaining  1^  froml^g-I^g  characteristics , we  frequently  used  a 
second  method  when  it  was  necessary  to  minimize  the  time  during 
which  irradiation  bias  conditions  were  interrupted.  This  method 
involved  use  of  a switching  circuit  to  alter  momentarily  both  V s 
and  Vjjg  from  fixed  irradiation  values  to  fixed  measurement  values. 
Use  of  this  technique  is  discussed  further  below. 

5.5.2  Experimental  Results  for  Wet-  and  Dry-Oxide  Devices 

Figure  52  shows  typical  I^g  versus  V curves  for  a wet- 
oxide  transistor  before  irradiation  and  after  bombardment  to  sev- 
eral total  doses.  A plateau  in  I^g  is  reached  only  if  V is  sev- 
eral volts  negative.  The  reason  for  this  is  that  conduction  along 
the  front  channel  and  at  island  edges  must  be  turned  off  before 
back-channel  leakage  current  alone  is  observed.  One  generally 
cannot  expect  to  isolate  1^  by  measurements  of  drain  current  at 
vgs  - 0.  In  the  pre -irradiation  curve,  as  VgS  is  increased  nega- 
tively I^g  is  observed  to  increase  somewhat.  The  source  of  this 
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additional  leakage  component  is  unknown  and  was  not  observed 
post-radiation,  as  shown  in  Figure  52.  We  determined  1^  from 
plateaus  (broad  minimum  in  the  pre-irradiation  case)  in  I^g-  VRS 
characteristics  at  negative  gate  bias.  This  plateau  moves  to  more 
negative  bias  with  increasing  dose.  Since  the  shift  in  threshold 
voltage  for  the  front  channel  is  nearly  negligible  up  to  10^  rads 
(Figure  45),  movement  of  the  plateau  region  is  presumably  due 
to  a threshold  shift  at  island  edges.  ^ That  is,  as  the  dose  in- 
creases an  increasingly  more  negative  gate  voltage  is  required  to 
reduce  island-edge  leakage  current  to  zero. 

The  situation  for  dry-oxide  transistors  is  different  from  that 
for  wet  devices,  as  shown  in  Figure  53.  The  pre -irradiation  leak- 
age current  is  two  orders  of  magnitude  larger  in  the  dry  devices. 
Additionally,  the  phenomenon  attributed  to  island  edge  effects  in 
the  wet  case  is  not  evident.  This  seems  reasonable  since  the  mag- 
nitude of  the  island-edge  component  is  likely  to  be  negligible  on  the 
current  scale  of  Figure  53.  That  is,  back-channel  leakage  current 
dominates.  Movement  of  the  "knee"  toward  positive  gate  bias 
with  increasing  dose  can  simply  be  attributed  to  intersection  of  I £ 
plateaus  with  different  portions  of  the  Ids-  V turn-on  character- 
istic of  the  transistor.  The  envelope  of  the  Curves  in  Figure  53 
should  correspond  to  this  characteristic. 


Figure  54  shows  representative  1^ -versus -dose  data  obtained 
for  wet  and  dry  oxide  transistors  with  V = 0 and  Vdg  = 5V  dur- 
ing irradiation.  Behavior  is  similar  in  both  cases  in  that  plateau 
regions  are  evident  at  low  and  high  doses  and  a significant  increase 
in  Ijj  occurs  at  intermediate  doses.  Following  irradiation  to 
106  rads,  these  devices  were  annealed  under  bias  (V  g = 0,  V(js  = 5) 
at  room  temperature  for  18h.  Some  recovery  (i.e.,  reduction)  in 
l£  was  observed,  as  shown  in  the  figure. 


Certain  relevant  features  of  the  NRTC  Co  source  need 
description  before  proceeding.  A device  to  be  irradiated  is  placed 
in  the  exposure  room  and  the  source  is  then  raised  up  into  the  room. 
This  takes  approximately  5 minutes,  during  which  time  energy 
is  being  deposited  in  the  test  device  at  a dose  rate  which  is 
time  varying.  The  dose  rate  reaches  a maximum  when  the 
source  is  completely  raised  ("source  up")  and  the  value  of  this 
maximum  rate  depends  upon  the  location  of  the  device  with  respect 
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Figure  54.  Back -channel  leakage  current  versus  dose  for  dry-  and 
wet-oxide  n-channel  SOS  transistors  irradiated  with 
Vgg  = 0 and  = 5V  at  a dose  rate  of  64  rads(Si)/s. 
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to  the  source.  Since  it  was  desired  to  obtain  data  at  low  total 
doses,  detailed  dosimetry  was  performed  using  CaF  TLDs  to  char- 
acterize the  source  during  the  raising  period.  Upon  doing  so  for 
the  condition  of  a 64  rads(Si)/s  maximum  rate,  data  of  the  type 
shown  in  Figure  54  were  obtained. 

In  order  to  obtain  more  accurate  data  (i.e.,  accurate  in  dose) 
at  low  doses  and  also  to  increase  the  number  of  low-dose  data 
points  obtainable  in  practice,  we  decided  to  lower  the  maximum 
dose  rate  and  a value  of  4.3  rads(Si)/s  was  selected.  Figure  55 
shows  leakage  current  data  obtained  at  that  rate  for  wet-  and  dry- 
oxide  transistors.  (Consideration  of  the  reduction  in  1^  shown  in 
the  right-hand  side  of  this  figure  is  given  below  following  the  pres- 
ent wet-versus -dry  discussion.)  The  irradiation  bias  values  were 
VgS  = 0 and  V^g  = 5V.  To  measure  1^,  VgS  was  switched  momen- 
tarily to  about  -7V  which  is  a gate  bias  sufficiently  negative  to 
ensure  that  I^  was  isolated  from  other  current  components.  (See 
Figures  52  and  53.)  The  data  in  Figure  55  are  very  similar  in 
form  to  that  of  the  preceding  figure.  One  difference  is  that  a 
1 slight  decrease  in  l£  (^-20%)  is  evident  as  the  dose  is  increased 

; from  1(P  to  10^  rads  for  the  lower-dose-rate  data  (Figure  55).  By 

analogy  to  effects  at  the  SiO^-Si  interface,  this  may  be  due  to  the 
introduction  of  negatively  charged  states  at  the  Si-Al^O^  interface 
which  would  compensate  for  a portion  of  the  positive  charge  trap- 
ped in  the  sapphire.  For  the  higher -dose -rate  case  (Figure  54), 
this  phenomenon  was  evident  but  only  at  about  the  5°o  level. 

In  an  attempt  to  gain  insight  regarding  the  mechanisms  of 
back-channel  leakage  current  in  wet-  and  dry-oxide  transistors, 
leakage  current  was  measured  as  a function  of  temperature  for 
four  devices:  two  wet  and  two  dry.  Data  are  shown  in  Figure  56 


in  terms  of  I ^ versus  reciprocal  temperature.  Two  of  the  curves 
(one  wet  and  one  dry)  are  for  unirradiated  devices  and  the  other 
two  curves  are  for  devices  irradiated  to  the  high-dose  saturation 
level  (>105  rads)  evident  in  Figures  54  and  55.  Activation  energies 
are  shown  in  Figure  56  and  a monotonic  decrease  in  energy  is  ex- 
hibited with  increasing  leakage  current.  To  examine  this  monotonic 
change  further,  data  points  at  1000/T  =3.3  and  also  at  tempera- 
ture extremes  for  the  four  curves  of  Figure  56  are  plotted  in  Fig- 
ure 57  in  terms  of  1^  versus  AE/kT.  (Note  that  AE  is  a variable, 
as  is  temperature.)  The  information  contained  in  this  figure  is 
described  rather  well  by  the  empirical  expression 


I = 8.  5 x 10'3  exp(  - AE/kT), 


(18) 


138 


<V)  iNjaana  jovxvji  13nnvio-wv8 


Figure  55.  Back-channel  leakage  current  versus  dose  for  dry- 
and  wet-oxide  n -channel  SOS  transistors  irradiated 
with  Vgs  = 0 and  Vds  = 5V  at  a dose  rate  of  4.  3 rads- 
(Si)/s.  The  reduction  in  leakage  current  in  the  right- 
hand  portion  of  this  figure  was  accomplished  by  con- 
tinuing to  irradiate  beyond  10^  rads  with  Vds  = Vg8  = 0. 
(Note  the  change  in  the  dose  scale.) 
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Figure  56.  Leakage  current  versus  reciprocal  temperature  for 
four  n-channel  SOS  transistors,  two  with  a wet  oxide 
and  two  with  dry.  Two  of  the  devices  were  not  irrad 
iated'.and  the  other  two  were  irradiated  to  a level 
(>10  rads)  sufficient  to  cause  I*  to  saturate. 


Figure  57. 


Leakage  current  versus  AE/kT.  The  information  in 
this  figure  was  derived  from  that  in  Figure  56.  (Note 
that  AE  is  a variable.) 
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where  is  in  amperes.  Figure  57  suggests  that  the  same  mech- 
anisms are  responsible  for  leakage-current  behavior  in  both  wet 
and  dry  devices  over  the  entire  range  of  experiment  conditions,  in- 
cluding a variation  in  1^  at  room  temperature  of  over  five  orders  of 
magnitude.  (However,  see  additional  data  and  discussion  below.) 
Before  considering  this  concept  further,  we  return  to  analysis  of 
data  in  Figures  54  and  55  which  will  yield  another  view  of  the  mech- 
anisms involved. 


5.  5.  3 Leakage  Current  Analysis  and  Discussion 

Consider  the  I ^ versus  dose  data  of  Figure  54.  These  data 
were  the  first  to  be  obtained  and  our  initial  attempts  at  modeling 
were  made  on  them.  We  first  developed  a "linear  charging" 
model  which,  in  retrospect,  is  quite  oversimplified  but  does  serve 
to  be  informative  in  the  present  context.  We  start  with  a formula- 
tion of  trapping  statistics  for  holes  in  sapphire. 

Let  Nt  equal  the  total  (i.e.  , filled  plus  empty)  hole  trap 
density  in  the  sapphire.  We  denote  the  density  of  filled  traps  by 
N*  and  the  empty  trap  density  by  N°  . Thus, 

Nt  = Nt+  + N°'  (19) 


The  density  of  filled  traps  can  be  expressed  in  terms  of  an 
occupancy  factor  f which  in  general  is  a function  of  time  (or  dose): 

Nt+  = fNt,  (20) 

N°  = (1  - f)Nt.  (21) 

The  time  rate  of  change  of  is  proportional  to  the  density  of 
empty  traps,  the  density  (p)  of  holes  available  for  trapping,  and 
the  hole  capture  probability  Cpt 


dN 

t » .° 

”dT  = Ntcpp' 


Using  Eqs  . (20)  and  (21),  we  obtain 

d(fN  ) 

~ ST"  * <i-on,v 


or 


dj; 

dt 


(1  - f)cpp. 


(22) 


(23) 


(24) 
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The  solution  to  Eq.  (24)  is 

f = 1 - exp(-c  pt).  (25) 

P 

For  Co  gamma  irradiation,  we  are  concerned  with  total  dose  0 
being  delivered  at  a rate  kj.  At  some  time  t,  the  dose  is  given 
by  kjt.  Thus,  we  can  write  Eq.  (25)  as 

f = 1 - exp(-Cp  0/k  j ) = 1 - exp(-0/0j),  (26) 

where  0 = k /c  p. 

1 1 p 

If  we  assume  that  a portion  of  the  traps  in  the  sapphire  are 
filled  prior  to  irradiation,  giving  rise  to  V (the  pre -irradiation 
back-channel  leakage  current),  then  for  0=0,  f = fQ.  Taking  this 
assumption  into  account  in  Eq.  (26)  yields 

f = fQ  + (1  - fQ)  [1  -exp(-0/01)].  (27) 

Upon  denoting  the  density  of  filled  traps  for  0 = 0 as  N+  , we 
obtain  (using  Eq.  (20)  ) 

N*  = Nto  + (Nt‘Nto)  [1  -exp(-0/01)].  (28) 

The  basis  of  the  linear  charging  model  is  to  assume  a linear 
relation  between  leakage  current  and  the  trapped  charged  densities 
of  Eq.(28).  That  is,  we  assume  the  expression 

h - + <29) 

holds,  where  I^Q  is  pre-irradiation  leakage  current  and  I^m  is 
post-irradiation  (saturation)  leakage  current.  Thus,  when  all  traps 
(N^)  are  filled,  the  resulting  leakage  current  is  assumed  to  be  lim- 
Equation  (29)  was  fit  to  the  data  of  Figure  54  and  results  are  shown 
in  Figure  58  along  with  values  for  0j  antj  c p,  the  model  parameters. 
The  fits  to  the  data  are  good  with  the  exception  of  the  wet  oxide  re- 
sults at  low  doses  where  some  deviation  is  noted.  The  fact  that  model 
parameters  for  the  dry  device  agree  within  a factor  of  two  with  those 
for  the  wet  unit  suggests  that  the  hole  trapping  center  responsible  for 
charge  buildup  in  the  sapphire  has  the  same  properties  (i.e.  , energy 
level  position  and  capture  probability)  in  both  cases.  Additionally, 
this  result  suggests  that  the  reason  for  the  difference  in  magnitudes 
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of  Ijj  at  a given  dose  in  Figure  54  is  simply  the  result  of  a con- 
siderably larger  density  of  this  same  trap  in  dry-oxide  devices 
than  in  wet  transistors.  However,  these  results  must  be  con- 
sidered tentative  because  of  problems  with  the  linear  charging 
model  and  with  the  experimental  data. 

The  main  problem  with  the  model  is  the  assumption  of  a linear 
relation  between  trapped  charge  density  and  leakage  current  which 
was  used  to  obtain  Eq.  (29)  based  on  Eq . (28).  In  general,  any 
unipolar  current  I is  given  by 

I = eFAnp  , (30) 


where  e is  electronic  charge,  F is  applied  field,  A is  cross- 
sectional  area,  n is  equilibrium  free-carrier  density,  and  p.  is 
carrier  mobility.  Thus,  we  expect  to  be  proportional  to  the 
back-channel  inversion -layer  carrier  density  n^nv  and  to  the 
carrier  mobility  pjiC  in  that  channel.  As  increases,  n-nv 
will  increase  but  there  will  not  necessarily  be  a linear  relation- 
ship between  these  quantitites.  For  example,  charging  of  a spa- 
tial distribution  of  traps  in  the  sapphire  could  result  in  and 
n-nv  being  related  nonlinearly.  Additionally,  is,  in  general, 

not  a constant  but  varies  with  n;„,,.  Work  of  Brews,  4^  Chen  and 
Muller,  and  Guzov  et  al.  0 has  revealed  that  front-channel 
mobility  in  an  MOS  transistor  increases  with  n^nv  in  the  weak  in- 
version regime,  and  their  work  is  discussed  below. 

The  problem  with  the  experimental  data  in  Figures  54  and  55  is 
that  a small  photocurrent  IpC  of  unknown  origin  influenced  wet-oxide 
data  at  low  doses,  and  this  was  not  recognized  initially.  (See  additional 
discussion  below.  ) This  photocurrent  scaled  with  Co^O  dose  rate  and 
thus  had  the  largest  effect  on  64  rads/s  data.  Figure  58  illustrates  the 
maximum  magnitude  of  IpC  at  2000  rads  which  is  the  dose  received  by 
a device  during  the  5 min  required  to  raise  the  source.  The  solid 
triangle  is  Ipc  and  the  solid  circle  represents  Ijj-IpC>  which  is 
the  current  tnat  would  have  been  measured  in  the  absence  of  a 
photocurrent.  Also  shown  (solid  square)  is  the  quantity  l/*(Ij£0+IpC)» 

4^J.  T.  C.  Chen  and  R.  S.  Muller,  J.  Appl.  Phys . 433,  828 
(1974). 

46J.  R.  Brews,  J.  Appl.  Phys.  46,  2193  (1975). 

4»A.  A.  Guzev,  G.  L.  Kurishev,  and  S.  P.  Sinitsa,  Phys. 

Status  Solidi  A14,  41  (1972). 
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Figure  58.  Results  of  fitting  a linear  charging  model  to  the 
leakage  current  versus  dose  data  of  Figure  54. 


which  is  the  radiation -induced  current  component.  It  is  clear  that 
up  to  Z000  rads  for  the  wet-oxide  device  was  dominated  by  Ipc 
and  thus  the  fit  to  such  data  in  Figure  58  is  not  meaningful.  Cor- 
recting these  data  for  IpC  would  serve  to  shift  the  dose  region 
where  Ijj  begins  to  increase  significantly  to  higher  doses. 


Such  a correction  was  made  for  the  4.3  rads/s  wet-oxide  data 
of  Figure  55,  as  illustrated  in  Figure  59.  The  dashed  IpC  curve 
was  measured,  as  described  below,  and  saturates  at  about  ZOO  rads. 
The  measured  I ^ data  are  seen  to  follow  this  curve  up  to  100  rads 
where  radiation-induced  increases  in  leakage  current  begin  to  be 
important.  In  order  to  isolate  such  increases,  the  quantity  1^- 
(ho  tIpC)  was  determined  for  the  data  of  Figure  55  and  results  are 
shown  in  Figure  60.  The  large  vertical  error  bar  for  the  lowest- 
dose  wet-oxide  data  point  reflects  primarily  the  accuracy  of  the 
photocurrent  correction  made  at  that  dose.  Also  shown  in  Fig- 
ure 60  (solid  circles)  is  a horizontal  translation  of  wet-oxide  data 
by  a factor  of  90  in  dose.  This  translation  illustrates  that  both 
wet  and  dry  data  can  be  described  by  the  same  power  law  (current 
3 (dose)**  ) over  approximately  three  orders  of  magnitude  vari- 
ation in  radiation-induced  leakage  current.  Deviation  from  this 
power  law  occurs  as  leakage  current  saturation  is  approached  in 
both  cases.  If  we  consider  wet  and  dry  data  separately,  the 
(dose)**  ^ dependence  in  the  wet  case  is  observed  over  a leakage 
current  range  of  approximately  two  orders  of  magnitude  for  doses 
between  500  and  10“*  rads  (Si).  For  dry  devices,  this  dependence 
is  also  noted  over  approximately  two  orders  of  magnitude  variation 
in  current  for  doses  between  Z0  and  500  rads. 


Before  attempting  to  interpret  further  the  findings  presented 
in  Figures  56,  57,  and  60,  we  digress  to  discuss  the  channel 
mobility  work  of  Brews  and  others  which  appears  to  be  related  to 
the  present  results.  In  bulk  silicon,  the  scattering  of  drifting 
carriers  is  primarily  due  to  phonons  (lattice  scattering)  and  ion- 
ized impurities  (impurity  scattering),  with  lattice  scattering  dom- 
inating at  300°K.  We  can  express  the  bulk  drift  mobility  in  terms 
of  these  two  components  as 


-i  _ -1  -1 

^bulk  ^lattice  + ^impurity  ’ 

Mobile  carriers  in  the  inversion  layer  of  an  MOS  transistor  ex- 
perience additional  scattering  at  the  oxide -semicondutor  interface 
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Figure  60.  Radiation -induced  leakage  current  versus  dose  for 
wet-  and  dry-oxide  SOS  transistors  irradiated  to  a 
rate  of  4.3  rads(Si)/s.  These  data  were  obtained 
by  correcting  the  data  of  Figure  55  for  pre- 
irradiation  current  and,  in  the  wet-oxide  case,  for 
the  photocurrent  component  shown  in  Figure  59. 


while  moving  along  the  channel  between  source  and  drain.  The 
mobility  of  carriers  in  the  channel  is  thus  described  by 

'l  -1  + -i  -1 

^channel  ^lattice  ^impurity  + ^interface,  (32) 

with  interface  (or  surface)  scattering  being  the  dominant  term  in 
a typical  situation.  (This  concept  and  related  mechanisms  de- 
scribed below  should  apply  for  both  the  front  channel  (Si02-Si  in- 
terface) and  the  back  channel  (Si-sapphire  interface)  in  an  SOS 
transistor  . ) 

46  47 

As  pointed  out  by  Brews  ’ , the  above  description  of  car- 

rier mobility  for  MOS  transistors  is  oversimplified.  Eq.  (32) 
actually  applies  for  the  micros copic  channel  mobility,  which  is 
determined  solely  by  scattering  processes  . The  measured  chan- 
nel mobility  for  a transistor  can  differ  from  the  microscopic  value 
due  to  the  effects  of  channel  and  interface  inhomogeneities.  These 
inhomogeneities  will  affect  the  microscopic  mobility  through  scat- 
tering but  can  additionally  affect  the  measured  mobility  through 
Maxwell's  equations.  That  is,  nonuniformities  can  introduce  mod- 
ified boundary  conditions  and  additional  charge -density  terms  into 
Maxwell's  equations,  and  thus  have  an  effect  on  device  current 
flow  in  addition  to  the  microscopic  scattering  contribution.  Either 
of  the  above-described  effects  of  inhomogeneities  will  dominate 
depending  on  various  conditions,  as  discussed  by  Brews,  with 
minority-carrier  density  in  the  channel  perhaps  being  the  most 
important  variable.  Brews'  analysis  provides  a physical  frame- 
work for  describing  a variety  of  experimental  MOS  observations 
made  by  other  workers. 

Figure  61  shows  the  variation  of  channel  mobility  with  carrier 
density  in  the  inversion  layer  of  an  MOS  device.  This  figure  is 
based  on  several  of  the  theoretical  and  experimental  curves  con- 
sidered by  Brews,  and  is  employed  here  to  describe  qualitatively 
several  important  properties  of  conduction  in  inversion  layers. 

Two  example  cases  are  shown,  corresponding  to  low  and  high  inter- 
face charge  densities.  The  interface  charge  density  includes  both 
fixed  oxide  charge  and  inter  face -state  charge.  These  inhomogene- 
ously  distributed  interface  charges  will  give  rise  to  car rier -density 

46 

J.  R.  Brews,  J.  Appl.  Phys . J&,  2193  (1975). 

47J.  R.  Brews,  J.  Appl.  Phys.  46,  2181  (1975). 
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Figure  61.  Channel  mobility  versus  inversion-layer  carrier 
density  for  the  cases  of  low  and  high  interface 
charge.  The  curves  shown  provide  a qualitative 
description  of  several  features  of  conduction  in 
inversion  layers.  (See  text  for  discussion.) 
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fluctuations  in  the  inversion  region.  For  the  bottom  curve  in  Fig- 
ure 61,  at  low  carrier  densities  these  inhomogeneities  dominate 
the  channel  mobility.  As  the  gate  voltage  is  increased,  thereby 
increasing  the  inversion  layer  carrier  density  in  the  front  channel, 
screening  will  increase  with  a resultant  reduction  in  carrier -density 
nonuniformities.  (This  same  statement  can  be  made  for  the  back 
channel,  but  in  this  case  ninv  is  increased  by  increasing  the  total 
ionizing  dose  deposited  in  an  SOS  device.)  Hence,  mobility  in- 
creases. At  high  applied  fields , channel  mobility  will  decrease 
with  increasing  carrier  density.  In  this  regime,  measured  mobil- 
ity will  equal  the  microscopic  mobility  (i.e.,  scattering  dominates 
over  inhomogeneity  effects).  The  decrease  in  mobility  in  this 
regime  has  been  considered  by  various  workers,  and  Cheng  and 
Sullivan 49  point  out  that  one  must  consider  Coulomb  scattering 
and  surface -roughness  scattering  in  addition  to  phonon  scattering 
to  account  for  experimental  findings.  For  the  case  of  low  inter- 
face charge  (upper  curve  in  Figure  61),  it  is  seen  that  carrier - 
density  fluctuations  do  not  affect  channel  mobility.  The  measured 
mobility  will  equal  the  microscopic,  scattering -dominated  mobil- 
ity for  this  case  over  the  entire  carrier -density  range. 

The  above  qualitative  discussion  was  based  largely  on  the 
analytical  work  of  Brews.  Although  further  experimental  work 
will  be  required  to  verify  the  predictions  of  his  model,  as  men- 
tioned above  this  work  appears  to  provide  a reasonable  explanation 
for  experimental  observations  obtained  by  several  other  researchers. 
In  particular,  Guzev  et  al.4^  and  Chen  and  Muller 43  have  obtained 
channel -mobility  data  which  are  well  accounted  for  by  Brews' 
analysis . 

We  now  consider  results  in  Figure  56  in  light  of  the  above 
discussion.  Chen  and  Muller"^  observed  that  front-channel  mo- 
bility in  MOS  transistors  decreased  with  decreasing  temperature 
and  plots  of  such  data  yielded  an  activation  energy  of  ~0.  1 eV. 

Their  findings  suggest  that  the  temperature  dependence  of  leakage 
current  for  any  one  of  the  four  cases  shown  in  Figure  56  may  be  at- 
tributed to  the  temperature  dependence  of  back-channel  mobility. 

^J.  T.  C.  Chen  and  R.  S.  Muller,  J.  Appl.  Phys . 4j>,  828 
(1974). 

4®a.  A.  Guzev,  G.  L.  Kurishev,  and  S.  P.  Sinitsa,  Phys. 

Status  Solidi  AW,  41  (1972). 

Y.  c.  Cheng  and  E.  A.  Sullivan,  J.  Appl.  Phys.  44,  3619 
(1973). 
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This  is  reasonable  since  leakage  current  is  proportional  to  n^nv 
and  (jiy3C  and,  for  a constant  trapped  hole  density  in  the  sapphire, 
ninv  should  be  temperature  invariant.  As  ninv  increases  with 
increasing  ionizing  dose,  will  increase,  according  to  Brews' 

description,  and  this  effect  is  at  least  partially  attributable  to  a 
reduction  in  carrier -density  fluctuations  due  to  screening.  Data 
of  Chen  and  Muller  and  also  calculations  of  Brews ^ reveal  that 
in  the  weak  inversion  regime  as  n^nv  increases,  the  spread  with 
temperature  in  p^c  values  decreases.  That  is,  one  can  expect  to 
find  an  activation  energy  that  decreases  with  increasing  inversion- 
layer  carrier  density.  The  data  shown  in  Figure  56  are  consistent 
with  this  concept. 

The  application  of  the  above  physical  concepts  to  the  case 
of  irradiated  SOS  devices  is  as  follows.  Inhomogeneities  exist  at 
the  Si-A^Oj  interface  which  give  rise  to  fluctuations  in  potential 
along  the  back  channel,  which  in  turn  impede  carrier  motion.  The 
range  of  radiation-induced  leakage  currents  in  the  present  experi- 
ments is  such  that  the  back  channel  was  always  in  weak  inversion. 

In  this  regime,  increases  in  back-channel  mobility  occur  by  three 
mechanisms:  (1)  as  charge  builds  up  in  the  sapphire,  the  inversion- 
layer  carrier  density  increases  which  reduces  the  effectiveness  of 
potential  fluctuations  due  to  screening;  (2)  built-up  charge  in  the 
sapphire  also  serves  to  "smooth  out"  these  fluctuations,  thereby 
causing  p^c  to  increase;  (3)  increasing  the  temperature  increases 
the  thermal  energy  of  carriers  and  thereby  reduces  the  effective- 
ness of  potential  fluctuations.  Thus,  increases  in  leakage  current 
can  be  attributed  to  mobility  increases  by  the  above  mechanisms 
and  to  increases  in  inversion -layer  carrier  density  as  trapped  holes 
build  up  in  the  sapphire.  The  experimental  results  in  Figure  56  can 
be  accounted  for  on  the  basis  of  both  the  effects  of  ionizing  radiation 
on  n^nv  and  and  the  temperature  dependence  of  p^c. 

Our  motivation  for  obtaining  the  temperature  dependence  data 
of  Figure  56  was  to  gain  insight  regarding  leakage  current  mechan- 
isms before  and  after  irradiation.  In  particular,  we  sought  to  eval- 
uate the  relative  contribution,  if  any,  of  thermally  generated  carriers 
in  the  drain  depletion  region  to  observed  leakage  current.  Appro- 
priate expressions  for  the  parameters  of  interest  are  presented 
first. 

43  J.  T.  C.  Chen  andR.  S.  Muller,  J.  Appl.  Phys . 45,  828 
(1974). 

46  J.  R.  Brews,  J.  Appl.  Phys.  46,  2193  (1975). 
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Generation  current  I is  proportional  to  carrier  generation 
rate  G,  and  for  a re  verse -biased  pn  junction^ 


c c N n. 
p n e 1 


c n + c p 
n 1 p*l 


This  equation  assumes  carrier  generation  through  a single  level, 
and  nj  is  the  electron  concentration  that  would  exist  if  the  Fermi 
level  were  located  at  that  generation  level.  (A  similar  definition 
holds  for  Pj  . ) The  quantities  Cp  and  cn  are  hole  and  electron 
capture  probabilities,  respectively,  Ng  is  the  concentration  of 
generation  centers,  and  n^  is  the  intrinsic  carrier  concentration, 
given  by 

n.  = J N N exp(-E  /2kT).  (34) 

l » c v g ' ' 

(The  quantities  Nc  and  Nv  are  effective  densities  of  states  and 
are  each  proportional  to  T^^.  ) In  a depletion  region,  carrier 
generation  occurs  at  a rate  inversely  proportional  to  the  genera- 
tion lifetime  T Upon  defining  G in  Eq.  (33)  as  n^T  , we  find 
that  Tg  is  given  by 

c p + c n 

t = 2-i  . (35) 

g 2c  c N n. 

p n g l 

It  is  frequently  assumed  for  simplicity  that  the  generation  level  is 
at  midgap  and  that  cn  = Cp  ( ■ c).  Upon  making  these  assumptions, 
Eq.  (33)  reduces  to 

c N n. 


and  Eq.  (35)  becomes 


T = 

g 


J.  L.  Moll,  Physics  of  Semiconductors  (McGraw-Hill,  New 
York,  1964),  p.  118;  A.  S.  Grove,  Physics  and  Technology  of 
Semiconductor  Devices  (Wiley,  New  York,  1967),  p.  174. 


153 


' 


The  temperature  dependence  of  1^  is  then  governed  by  those  of  c 
and  n-  under  the  above  assumptions.  Over  the  temperature  range 
of  interest,  we  can  closely  approximate  the  density-of-states  tem- 
perature variation  in  Eq.  (34)  as  cxp(-0.045  eV/kT).  Thus,  since 
E^  is  1.  11  eV  at  room  temperature,  nj  is  proportional  to 
exp(-0.60  eV/kT).  Caution  should  be  exercised  when  attempting 
to  attribute  the  temperature  dependence  of  measured  current  to 
thermal  generation  by  simply  comparing  the  experimental  activa- 
tion energy  with  that  for  n^.  Even  in  the  simplified  expression  for 
generation  rate  (Eq.  (36))  a capture  probability  term  appears  which 
is,  in  general,  temperature  dependent.  For  recombination  centers, 
it  is  not  unusual  to  find  capture -probability  temperature  depend- 
ences as  stronc  as  exp(±0.  1 eV/kT).  Additionally,  although  it  is 
a good  approximation  that  the  dominant  generation  level  is  at  mid- 
gap, it  is  not  generally  true  that  Cp  and  cn  will  be  equal  in  mag- 
nitude and  in  temperature  dependence.  In  the  absence  of  such  de- 
tailed information,  it  is  difficult  to  conclude  definitely  on  the  basis 
of  temperature  dependence  data  that  a measured  current  is  due 
solely  to  thermal  generation  in  a depletion  region. 

The  data  in  Figure  56  for  an  unirradiated  wet-oxide  transistor 
yield  an  activation  energy  of  0.42  eV.  On  the  basis  of  this  relatively 
strong  temperature  dependence,  one  might  be  tempted  to  conclude 
that  pre -irradiation  is  dominated  by  thermal  generation  for  this 
case.  However,  the  above  discussion  should  make  one  hesitate  be- 
fore doing  so.  In  addition,  one  must  consider  all  of  the  data  in 
Figure  56.  It  is  accepted  that  post-irradiation  behavior  is  due  to 
formation  of  a back  channel  by  built-up  positive  charge  in  the  sap- 
phire. However,  the  activation  energy  of  0.28  eV  for  this  case 
(Device  #2  in  Figure  56)  is  still  relatively  large.  In  addition,  the 
information  presented  in  Figure  57  suggests  that  the  same 
mechanism  is  important  in  determining  leakage  current  behavior 
for  all  conditions  examined,  including  wet  and  dry  oxides,  irradi- 
ated and  unirradiated  devices,  and  behavior  as  a function  of  tem- 
perature. As  discussed  above,  this  mechanism  is  postulated  here 
to  be  the  dependence  of  n^nv  and  p^  on  ionizing  dose  and  the 
temperature  dependence  of  p^.  If  thermal  generation  was  the 
only  contributor  to  pre -irradiation  1}  for  wet-oxide  devices,  while 
the  above  mechanism  determined  behavior  for  all  other  conditions 
in  Figure  56  (including  dry  oxide  data),  then  one  would  not  expect 
the  continuous  behavior  exhibited  in  Figure  57.  That  is,  the  mech- 
anisms determining  A E in  the  thermal  generation  case  are  very 
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much  different  from  the  mechanisms  determining  AE  in  the  second 
situation,  so  that  fitting  of  all  data  by  a single,  relatively  simple 
expression  as  in  Figure  57  would  be  an  unlikely  occurrence. 

One  problem  with  the  above  interpretation  is  that  it  appears 
to  be  in  conflict  with  findings  of  Harari  and  McGreivy.  ^ They 
performed  extensive  experiments  on  irradiated  and  unirradiated 
n-channel  SOS  transistors  and  obtained  convincing  evidence  that 
pre-irradiation  leakage  current  in  wet  oxide  devices  very  similar 
to  those  studied  here  is  attributable  to  thermal  generation.  To 
reconcile  their  viewpoint  with  ours  is  likely  to  require  more  data 
and  analyses.  For  the  present,  we  postulate  the  following  recon- 
ciliation. The  thermal  generation  process  is  rather  strongly 
temperature  activated,  as  discussed  above.  The  leakage  current 
mechanism  described  in  the  present  work  also  appears  to  have  a 
strong  temperature  dependence.  It  is  conceivable  that  the  tem- 
perature dependences  for  these  two  processes  are  comparable  and 
that  both  are  effective  here  in  determining  pre -irradiation  behavior 
for  wet-oxide  devices.  A second  possibility  is  that  this  behavior 
is  dominated  by  the  mobility  mechanism  at  room  temperature  but 
at  a somewhat  elevated  temperature  the  thermal  generation  mech- 
anism would  become  important.  Alternatively,  if  the  room-tem- 
perature 1^  was  somewhat  lower  than  that  observed  here  (accom- 
plished perhaps  by  processing  changes),  then  thermal  generation 
would  dominate.  To  investigate  the  above  possibilities,  additional 
studies  over  a wider  temperature  range  than  that  in  Figure  56  are 
needed . 

During  the  final  stages  of  preparing  this  report,  we  performed 
one  such  experiment  and  results  and  a preliminary  interpretation 
are  given  here.  Measurement  of  pre -irradiation  leakage  current 
in  a wet-oxide  transistor  was  made  over  the  range  204  - 435°K  and 
data  are  shown  in  Figure  6 la.  These  data  reveal  that  the  tempera- 
ture range  for  the  corresponding  data  in  Figure  56  (250  - 333°K) 
was  indeed  too  narrow  since  two  regimes  are  clearly  evident  in 
Figure  6la.  At  high  temperatures,  an  activation  energy  of  0.57  eV 
is  apparent  which  is  suggestive  of  a thermal  generation  mechan- 
ism. At  low  temperatures,  a considerably  shallower  slope  is  evi- 
dent, corresponding  to  AE  = 0.28  eV.  Over  the  1000/T  range  from 
3.0  to  4.0°K-1,  it  is  clear  that  one  could  extract  an  intermediate 


E.  Harari  and  D.  J.  McGreivy,  to  be  published  in  IEEE 
Trans.  Electron  Devices . 
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LAEKAGE  CURRENT  (A) 


Figure  61a.  Leakage  current  versus  reciprocal  temperature  for 
an  unirradiated  wet-oxide  n-channel  SOS  transistor. 


value  of  AE  from  limited  data.  The  transition  from  the  0.57  eV 
regime  to  the  0.28  eV  regime  occurs  over  this  range,  giving  rise 
to  data  which  are  influenced  by  two  mechanisms  at  and  near  room 
temperature.  We  attribute  low -temperature  behavior  to  the  mo- 
bility mechanism  discussed  above  and  at  high  temperatures  thermal 
generation  presumably  dominates. 

It  was  suggested  above  that  to  reconcile  data  of  Harari  and 
McGreivy^  with  the  present  findings,  one  could  postulate  the  im- 
portance of  both  thermal  generation  and  the  mobility  mechanism 
for  unirradiated  wet-oxide  transistors.  Figure  61a  indicates  that 
this  is  the  case  at  room  temperature.  However,  these  recent  data 
also  force  us  to  reconsider  our  interpretation  of  Figures  56  and  57. 
It  seems  clear  that  as  one  irradiates  a wet-oxide  device,  and 
thereby  increases  1^,  a point  will  quickly  be  reached  where  ther- 
mal generation  is  no  longer  important  at  room  temperature.  How- 
ever, it  is  not  presently  clear  how  the  activation  energy  for  the 
mobility  mechanism  will  vary  with  dose.  Measurements  of  I £ 
versus  temperature  with  dose  as  a parameter  are  planned  which 
should  clarify  this  situation. 

Interpretation  of  the  room-temperature  data  of  Figure  60  is 
now  given.  The  same  functional  dependence  of  radiation-induced 
leakage  current  on  ionizing  dose  is  exhibited  for  wet-  and  dry- 
oxide  devices,  which  suggests  that  the  same  physical  processes 
are  occurring  in  both  cases.  Information  presented  in  Figure  57 
also  indicates  that  this  is  the  case  (but  this  may  be  fortuitous,  as 
discussed  above).  One  needs  then  to  account  for  the  factor-of- 
ninety  displacement  in  dose  exhibited  in  Figure  60.  At  some 
constant  value  of  radiation -induced  leakage  current  in  the  non- 
saturation regime  we  can  state,  based  on  Eq.  (30),  that  the 
product  of  mobility  and  carrier  density  in  the  back  channel  for 
the  dry-oxide  case  must  be  equal  to  that  for  wet  oxide.  (In  this 
discussion,  we  are  considering  the  open  symbols  in  Figure  60.) 
Such^a  comparison  can  be  made  for  leakage  currents  ranging  from 
^10  to  ^3  x 10-7  a and  for  doses  ranging  from  ~10  to  -^200  rads 

* 

For  more  recent  data,  see  paper  by  the  present  authors 
which  will  appear  in  the  Dec.  1977  issue  of  the  IEEE  Transactions 
on  Nuclear  Science. 

^ E.  Harari  and  D.  J.  McGreivy,  to  be  published  in  IEEE 
Trans.  Electron  Devices. 
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for  dry  oxide  and  from  -'-103  to  ^ 2 x 10^  rads  for  wet  oxide.  Based 
on  the  interpretation  of  data  in  Figures  56  and  57,  a mobility 
mechanism  is  assumed  to  be  important,  and  thus  we  are  assuming 
that  as  n „ increases,  p,  will  also  increase.  Since  the  rate  at 
which  the  mobility-carrier  density  product  increases  with  dose  is 
the  same  for  wet  and  dry  devices,  one  is  tempted  to  conclude  that 
at  a given  value  of  leakage  current  mobilities  are  equal  and  carrier 
densities  are  equal  for  the  two  transistor  types.  The  displacement 
in  dose  exhibited  in  Figure  60  would  then  be  attributed  to  a larger 
density  of  traps  in  dry-oxide  devices  than  in  their  wet-oxide 
counterparts.  The  fact  that  leakage -cur rent  saturation  occurs 
at  approximately  the  same  dose  also  suggests  that  the  same  trap  is 
responsible  for  observed  behavior  in  both  cases.  Acceptance  of  a 
significantly  larger  trap  density  in  dry-oxide  devices  then  suggests 
that  in  the  wet  case  only  a very  small  fraction  of  the  holes  generated 
in  the  AI2O3  per  unit  dose  are  trapped  there,  and  the  rest  recombine. 

An  alternative  to  the  above  explanation  is  that  identical  traps 
and  trap  densities  exist  in  the  sapphire  for  wet  and  dry  devices. 

At  a given  value  of  leakage  current,  it  would  then  be  required  that 
^bc  (dry)  be  greater  than  p^  (wet)  and  that  ninv  (dry)  be  less  than 
ninv(wet),  or  vice-versa.  Otherwise,  one  would  be  unable  to  ac- 
count for  the  enormous  (~3  orders  of  magnitude)  difference  in  dry 
and  wet  leakage  currents  at  a fixed  dose  in  the  non -saturation  re- 
gime, assuming  that  the  trapped  charge  density  is  the  same  in  both 
cases.  For  equal  trapped  charge  densities,  it  seems  reasonable  to 
assume  that  n^v  would  be  comparable  for  the  two  device  types. 
However,  this  would  then  require  that  p{3C  (dry)  be  a factor  on  the 
order  of  103  larger  than  p^  (wet).  This  requirement  is  unreason- 
able and  we  judge  the  alternative  explanation  given  here  to  be  much 
less  attractive  than  the  unequal -trap -density  model  suggested  above. 

In  order  to  determine  the  dry-to-wet  trap-density  ratio  respon- 
sible for  the  factor -of-ninety  displacement  in  Figure  60,  one  would 
need  to  relate  (or  dose)  quantitatively  to  n^nv  and  p^-  The 
present  data  do  not  yield  these  relations.  It  is  interesting  to  note 
in  Figure  60  that  the  dry-to-wet  1^  ratio  in  saturation  is  also  90. 
However,  this  is  probably  fortuitous  since,  as  shown  in  Figure  56 
(Devices  2 and  4),  the  saturation  ratio  varies  with  temperature 
due  to  the  temperature  dependence  of  pfcc-  On  the  other  hand,  the 
displacement  ratio  is  expected  to  be  temperature  invariant  since 
it  depends  only  on  the  trap  density  ratio  (assuming  p^c  (dry)  = pj3C 
(wet)  for  a constant  leakage  current). 
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It  is  useful  to  review  the  relations  among  quantities  considered 
up  to  this  point.  Back-channel  leakage  current  can  be  expressed 
in  terms  of  a pre -irradiation  value  and  a radiation-induced 
component  1^  : 


^o  + llr ' 


(38) 


The  inversion -layer  carrier  density  n^y  in  the  back  channel  can 
also,  in  general,  be  thought  of  in  terms  of  two  components,  with 
the  radiation -induced  part  being  due  to  holes  generated  by  radia- 
tion and  trapped  in  the  sapphire.  Back-channel  mobility  in- 
creases with  ionizing  radiation  under  the  present  description. 
Using  Eq.  (30),  we  can  write, 
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From  Figure  57,  we  obtained  the  empirical  expression 


lt  = 8.  5 x 10~3  exp(-AE/kT),  (40) 

where  AE  is  dose  dependent.  For  doses  below  leakage -current 
saturation  at  room  temperature,  we  have  found  (Figure  60)  that 


I 


l r 


(41) 


where  the  constant  ka  depends  on  whether  wet-oxide  or  dry-oxide 
findings  are  considered. 

Equation  (38)  is  general.  Equation  (39)  holds  unless  I^0  is  a 
generation  current,  in  which  case  Eq.  (39)  only  applies  to  I^r. 
Some  of  the  present  data  suggest  that  Eq.  (40)  is  a general  relation 
for  the  devices  studied  under  all  conditions  (i.e.,  different  tem- 
peratures, wet  and  dry  oxide,  pre-  and  post-irradiation).  (How- 
ever, in  view  of  data  in  Figure  61a  and  the  corresponding  dis- 
cussion given  above,  further  study  will  be  required  to  examine  the 
validity  of  this  point.)  Comparing  Eqs . (39)  and  (40)  illustrates 
that  AE  depends  on  n^nv  and  p^c  which,  in  turn,  are  both  dose 
dependent.  Equation  (41)  is  quite  specific,  as  noted  above.  Based 
on  data  in  Figure  56,  it  is  expected  that  the  1.  5 exponent  in  this 
expression  will  vary  with  temperature. 
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5.5.4  Radiation -Induced  Reduction  of  Back-Channel  Leakage 
Current 

The  right  portion  of  Figure  55  illustrates  a phenomenon  we 
have  observed  involving  radiation-induced  reduction  of  back- 
channel  leakage  current.  Reducing  Vds  to  zero  after  radiation - 
induced  increases  in  have  been  observed  causes  to  decrease 
dramatically  to  near  its  pre-irradiation  value  if  irradiation  is  con- 
tinued in  this  bias  condition.  To  obtain  the  recovery  data  of  Fig- 
ure 55  (note  break  in  dose  axis  just  beyond  10^'  rads),  was 

reduced  to  zero  after  10°  rads  and  irradiation  continued.  To  meas- 
ure leakage  current  at  a given  dose,  Vds  was  momentarily  switched 
to  5V  and  VgS  to  -7V  (typically).  This  measurement  took  2-3  sec 
and  then  V^s  and  \fjs  were  returned  to  zero.  If  the  measurement 
is  not  made  rapidly,  then  I ^ will  increase  significantly  during  the 
measurement  period.  In  Figure  55,  it  is  shown  that  a few  thousand 
rads  is  sufficient  to  reduce  I^  to  a saturation  level. 

The  I.  reduction  process  can  be  repeated  as  evidenced  by  data 
in  Figure  62.  This  figure  shows  findings  for  a wet-oxide  transis- 
tor irradiated  with  Vds  = 5V  to  a dose  of  10^  rads,  at  which  point 
V^s  was  reduced  to  zero  and  irradiation  continued.  Substantial 
recovery  is  evident.  This  process  was  repeated  for  four  more  cy- 
cles as  shown.  Upon  completion  of  this  cycling  experiment,  the 
Cou  source  was  lowered  (dose  rate  = 0 --  "source  down"  condi- 
tion in  Figure  62),  with  a resulting  decrease  in  1^  to  within  2 5%  of 
the  pre -irradiation  value.  The  source  was  raised  again  (with 
%ls  = and  1 1 increased,  and  we  attribute  this  increase  to  a 
photocurrent  as  mentioned  in  Section  5.5.3.  (Note  that  the  photo- 
current saturates  when  the  source  is  completely  up.  This  process 
is  repeatable.)  The  recovery  phenomenon  observed  here  suggests 
that  periodic  reduction  of  V^g  to  zero  to  cause  a reduction  in  I^ 
is  a potential  remedy  for  leakage  current  problems  in  SOS  devices 
employed  in  a space  radiation  environment. 

It  should  be  noted  that  no  observable  photocurrent  is  expected 
for  dry-oxide  devices  (although  no  measurements  were  made)  be- 
cause I^  is  orders  of  magnitude  larger  than  IpC.  In  Figure  55,  the 
post-recovery  value  of  I^  for  the  dry-oxide  transistor  is  a factor 
of  three  larger  than  ho  and  we  attribute  this  effect  to  radiation - 
induced  increases  in  Ij  that  occur  under  zero  bias  as  noted  by 
Kjar^  and  others.  This  effects  appears  to  be  unimportant  in  the 

^R.A.  Kjar  and  J.  Peel,  IEEE  Trans.  Nucl.  Sci.  21 , 208 
(Dec.  1974). 
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igure  bi.  Leakage  current  versus  dose  tor  a wet-oxide  n-channei 
transistor.  The  effect  of  irradiating  with  = 5V  and 

Vj„  = 0 is  illustrated. 


* 


present  wet-oxide  devices  for  Vds  = 5V  at  the  total  doses  considered 
here  but  might  become  significant  at  doses  » 10^  rads.  (Note  that 
in  Figure  55  the  final  value  of  1^  for  the  wet  device  following  radi- 
ation-induced recovery  was  influenced  by  the  photocurrent.  Sub- 
tracting IpC  reduces  measured  1^  to  within  50%  of  its  pre-irradia- 
tion value . ) 

Based  on  scanning-electron-microscope  studies  which  are  de- 
scribed in  detail  in  Section  5.  5.  5,  we  tentatively  conclude  that  the 
mechanism  of  radiation -induced  leakage  current  recovery  is  injec- 
tion of  electrons  from  silicon  into  sapphire  where  they  recombine 
with  trapped  holes.  (However,  radiation -induced  depopulation  of 
trapped  holes  has  not  been  completely  ruled  out  as  an  important 
mechanism  in  the  recovery  process.  ) The  bias  dependence  of  re- 
covery can  be  accounted  for  in  the  following  manner.  With  ap- 
plied, a fringing  field  will  be  present  in  the  sapphire  in  the  region 
between  source  and  drain.  Assuming  that  electrons  are  quite 
mobile  in  sapphire  and  that  holes  are  relatively  immobile  (readily 
trapped),  positive  charge  buildup  in  the  sapphire  will  occur  due  to 
the  trapping  of  holes  near  the  interface  and  a sweeping  out  of  elec- 
trons from  this  region  by  the  fringing  field.  If  V^g  is  reduced  to 
zero,  this  field  disappears  and  further  pair  generation  by  radiation 
will  not  result  in  additional  positive  charge  buildup.  Radiation 
excites  electrons  in  the  silicon  which  can  be  injected  into  the  sap- 
phire. With  V^g  =0  these  injected  carriers  can  recombine  with 
trapped  holes  but  with  V(js  applied  they  will  be  swept  out  without 
recombination  occurring.  This  interpretation  is  in  contrast  to  the 
photodepopulation  experiments  of  Wang  and  Royce-*^  in  which 
optical  release  of  trapped  holes,  rather  than  electron  injection, 

!was  given  as  the  1^  recovery  mechanism.  On  the  other  hand,  in 
similar  experiments  Harari-^  invoked  the  latter  mechanism. 

Further  discussion  of  the  importance  of  these  processes  is  given 
in  Section  5.5.  5.  3. 


52 

S.  T.  Wang  and  B.  S.  H.  Royce,  IEEE  Trans.  Nucl.  Sci. 
_23,  1586  (1976). 

^E.  Harari,  Appl.  Phys . Letters  29.  25  (1976). 
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5.  5.  5 Scanning  Electron  Microscope  Studies 
5.  5.  5.1  In troduction 

The  scanning  electron  microscope  is  a useful  tool  for  investi- 
gating, with  high  spatial  localization,  ionizing  radiation  effects  on 
devices.  We  have  applied  this  technique  here  in  order  to  investigate 
the  mechanisms  of  both  back -channel  leakage  current  production 
and  radiation -induced  reduction  of  this  current.  Both  dry-  and 
wet-oxide  devices  were  studied.  Experimental  methods  and  results 
obtained  in  studies  of  leakage  current  production  and  leakage  cur - 
i ent  reduction  as  a function  of  beam  energy  are  described.  A brief 
discussion  of  island  edge  effects  in  wet  and  dry  devices  is  also 
given.  The  mechanisms  of  leakage  current  production  and  reduc- 
tion were  found  to  be  rather  complicated  and  it  is  clear  that  further 
experiments  using  electron-beam  excitation  are  required  to  verify 
certain  aspects  of  the  interpretation  given  here.  '' 

5.  5. 5.2  Experimental  Design  and  Procedure 

A scanning  electron  microscope  is  in  many  ways  an  ideal 
source  of  localized  ionizing  radiation.  The  radiation  dose  may  be 
limited  not  only  in  area  but  also  in  depth  by  choice  of  beam  energy. 
Direct  observation  of  the  sample  under  irradiation  is  possible,  the 
radiation  source  can  be  turned  off  abruptly  (in  contrast  to  Co^)  to 
permit  immediate  measurement,  and  a wide  range  of  dose  rates  is 
available.  For  the  present  purposes,  the  only  localization  of  in- 
terest is  in  terms  of  depth  into  the  sample  in  order  to  probe  the 
source  of  carriers  which  are  trapped  in  the  Al^O  ^ and  give  rise  to 
back-channel  leakage  current,  and  the  source  of  neutralizing  car  - 
riers  which  result  in  reduction  of  leakage  current.  The  energy 
deposition  profile  has  been  studied  in  detail  for  low-energy  elec- 
trons in  low-Z  material,  most  recently  and  comprehensively  by 
Everhart  and  Hoff^  who  derived  a generalized  depth-dose  curve 
valid  for  the  range  of  5 - 25  keV  in  beam  energy.  Energy  deposi- 
tion profiles  appropriate  for  the  present  devices  were  derived  from 
their  formulation  and  are  shown  in  Figure  6 3.  The  different  mate- 
rials are  treated  identically  except  that  their  thickness  is  given  in 
terms  of  an  equivalent  thickness  of  SiO^  by  means  of  density  ratios. 
The  Everhar t-Hoff  treatment  does  not  reveal  in  detail  the  nature 

After  completion  of  the  work  described  in  this  section,  ad- 
ditional data  were  obtained  using  an  SEM  which  elaborate  on  the  pre- 
liminary findings  reported  here.  These  later  results  will  appear  in 
a paper  in  the  Dec,  1977  issue  of  the  IEEE  Trans.  Nucl.  Sci. 

I5T.E.  Everhart  and  P.H.  Hoff,  J.  Appl.  Phys . 42,  5837  <197i). 
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DISTANCE  turn) 

Figure  63.  Energy  deposition  profiles  for  the  present  SOS  struc- 
tures bombarded  by  low  energy  electrons.  Profiles 
were  calculated  based  on  the  work  of  Everhart  and 
Hoff.  15 
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of  the  "tail"  in  the  dose-depth  curve,  but  it  can  be  argued  on 
physical  grounds  that  the  profile  must  end  rather  abruptly,  as 
shown.  The  resulting  dose  deposition  is  not  uniform  but  is  well 
confined  dimensionally. 

In  principle,  it  would  be  desirable  to  confine  the  incident  radi- 
ation to  the  actual  dimensions  of  the  gate  electrode.  That  was 
found  to  be  impractical  for  the  SEM  utilized  here.  In  the  present 
instance,  this  was  of  no  consequence  since  the  samples  were  pro- 
vided with  thick  metallization  except  for  the  gate  region.  Beam 
incidence  on  the  bare  sapphire  surrounding  the  silicon  islands  was 
deemed  to  be  harmless.  In  practice,  irradiation  took  place 
over  a square  area  by  means  of  a raster  scan.  Determina- 
tion of  the  dose  delivered  to  the  sample  required  knowledge 
of  the  beam  current,  the  dose  profile  over  the  region  of  interest, 
the  raster  area,  the  magnification  factor,  and  the  rastering  rate. 

Of  these,  only  the  beam  current  requires  comment.  It  was  deter- 
mined by  means  of  a Faraday  cup  mounted  on  the  sample  holder. 
Currents  were  measured  by  means  of  a current-to-voltage  con- 
verter, an  electrometer  operational  amplifier  (Burr-Brown  3523) 
in  inverting  configuration.  For  the  small  currents  employed  (3  - 
10  pA),  the  requisite  measurement  accuracy  was  obtained  by  scan- 
ning the  beam  over  the  aperture  of  the  Faraday  cup  and  performing 
ac  measurements  of  the  cup  current  on  a scope  under  conditions  of 
limited  signal  bandwidth  (about  100  Hz). 

The  raster  employs  from  125  to  500  lines  per  scan,  and  the 
question  of  lateral  uniformity  of  dose  deposition  may  be  raised. 

With  a well-focused  scanning  beam,  the  shape  of  the  deposition 
profile  may  be  likened  to  a teardrop  with  a width  on  the  order  of 
one-half  the  range  at  that  energy.  At  the  point  of  impact,  focus- 
ing may  be  to  100  A or  so.  To  achieve  uniformity  in  dose,  it  is 
appropriate  to  defocus  the  beam  slightly  until  the  resolution  ob- 
served in  the  secondary  electron  mode  drops  below  the  line  spacing. 
This  does  not  affect  the  magnification  factor . 

The  magnification  factor  and  focusing  conditions  both  depend 
on  beam  energy.  Determination  of  dose  therefore  needs  to  be  made 
for  each  energy  employed.  In  practice,  the  magnified  area  scan- 
ned was  kept  constant  at  10  cm2,  so  that  the  actual  sample  area 
scanned  varied  as  1 /(magnification  factor)2.  An  approximate  de- 
sired dose  was  chosen,  and  on  this  basis  the  appropriate  number  of 
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raster  scans  selected.  For  the  higher  doses,  where  exposure 
times  exceeded  1-2  minutes,  the  magnification  was  increased. 

The  beam  current  was  shut  off  from  the  sample  before  and  after 
exposure  by  means  of  deflection  plates  inserted  in  a drift  space 
below  the  anode  of  the  SEM  gun,  to  which  several  hundred  volts 
were  applied,  which  is  sufficient  to  deflect  the  beam  onto  an  inter- 
vening aperture.  With  the  beam  off,  the  active  area  could  be  moved 
away  and  the  beam  allowed  to  strike  the  Faraday  cup  quiescently 
while  measurements  were  made  on  the  sample  in  situ.  Since  both 
the  Faraday  cup  aperture  and  the  sample  active  area  need  to  be 
found  "blind",  the  pointing  accuracy  of  the  beam  is  restricted  to 
the  mechanical  resettability  of  the  sample  mount,  and  this  is  the 
reason  it  is  impractical  to  restrict  irradiation  to  the  actual  gate 
area  in  the  scanning  microscope  utilized. 


5.  5.  5.3  Experimental  Results 

The  first  experimental  objective  was  to  confirm  unambiguously 
that  the  observed  radiation-induced  leakage  current  is  exclusively 
a back-channel  phenomenon.  To  this  end,  comparison  was  made  of 
the  rate  of  leakage  current  production  using  a 7. 5-keV  beam  and  an 
18.5-keV  beam.  It  is  seen  in  Figure  63  that  the  7. 5-keV  profile 
peaks  at  the  front  channel  for  the  present  samples,  while  depositing 
a negligible  fraction  of  energy  at  the  sapphire  interface.  The  18.5- 
keV  profile  (not  shown)  is  reasonably  flat  at  the  sapphire  interface, 
while  contributing  relatively  less  at  the  front  channel  (<5%  of  the 
total  dose  goes  into  the  SiC^).  Results  of  measurements  at  these 
two  energies  on  one  wet-oxide  transistor  as  a function  of  dose  are 
shown  in  Figure  64.  The  first  experiment  on  this  device  was  meas- 
urment  of  Ij  versus  dose  up  to  -'•10°  rads  for  the  7. 5-keV  case,  where 
the  dose  employed  was  that  deposited  in  the  SiC^.  Next,  irradiation 
was  continued  to  an  additional  2x10^  rads  using  18.5-keV  electrons 
(open  circles  in  Figure  64).  (Dose  in  this  case  is  defined  as  that  re- 
ceived at  the  Si-A^O^  interface.)  Next,  the  device  was  annealed  at 
room  temperature  under  bias  for  lh  and  a slight  reduction  in  I £ was 
observed.  Following  this,  the  device  was  irradiated  with  V<jg=  V = 0 
by  18.5-keV  electrons  to  an  additional  total  dose  of  ''-2000  rads  and  a 
two-order -of-magnitude  reduction  in  I|  was  noted.  Such  behavior  is 
consistent  with  the  Co^*®  data  discussed  in  Section  5.5.4. 


Data  in  Figure  64  demonstrate  that  in  order  to  observe  signifi- 
cant radiation -induced  increases  in  leakage  current  one  must  deposit 
energy  in  the  sapphire.  The  nonpenetrating  7.  5-keV  beam  is  seen  to 
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Figure  64.  Back -channel  leakage  current  versus  dose  for  7.5-keV 
and  18.5-keV  electron  bombardment  of  a wet-oxide 
n-channel  SOS  transistor . Also  shown  is  radialion- 
induced  reduction  of  leakage  current  by  18. 5-keV 
bombardment  with  V{jg=  0.  (For  7.5  keV,  the  dose 
given  is  that  deposited  in  the  SiO£  whereas  for  18.5  keV 
it  is  that  received  at  the  Si-Al^C^  interface.) 
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be  relatively  ineffective  in  leakage  current  production.  There  is 
some  increase  in  1/  at  that  energy  at  the  highest  doses  which  may 
be  due  to  a slight  amount  of  energy  deposition  in  the  sapphire  due 
to  the  tail  of  the  deposition  profile,  which  just  reaches  the  Si-Al^O^ 
interface  (Figure  63). 

Comparison  of  the  18.5-keV  data  of  Figure  64  with  data  observed 
for  Co^  bombardment  (Figure  60)  is  made  in  Figure  65  where  the 
pre-irradiation  current  has  been  subtracted  out  in  both  cases.  The 
curves  show  a measure  of  similarity  which  suggests  that  energy 
deposition  in  the  bulk  of  the  Al^Oj  (i.e.,  deeper  than  a few  pm)  is 
relatively  unimportant  in  the  production  of  leakage  current.  The 
initial  rate  of  increase  in  leakage  current  is  higher  for  the  electron 
beam  case  than  for  Co0  , and  the  saturation  value  of  leakage  current 
is  about  a factor  of  2.5  lower.  Possible  reasons  for  differences  in 
saturation  value  are  discussed  below.  It  should  be  noted,  however, 
that  we  only  have  18.5-keV  electron-bombardment  data  for  a single 
sample  at  present  and  such  measurements  should  be  replicated  be- 
fore firm  conclusions  are  drawn. 

The  lower  saturation  value  of  leakage  current  in  the  case  of 
electron  beam  irradiation  (Figure  65)  is  possibly  attributable  to 
two  factors.  First,  it  may  be  due  to  the  limited  range  of  the  elec- 
tron beam,  suggesting  that  some  charge  trapping  in  the  AI2O3  oc- 
curs at  distances  larger  than  the  18.5-keV  electron  range  in  the  sap- 
phire, which  is  only  about  1.5  pm.  Charge  separation  may  be 
expected  to  occur  over  the  dimension  that  the  fringing  field  extends 
into  the  sapphire,  which  is  comparable  to  the  channel  length  (about 
5.  5 pm  in  this  instance).  A second  factor  may  be  the  high  dose 
rate  employed  in  the  electron  case  which  may  result  in  field  sup- 
pression within  the  "teardrop",  giving  rise  to  enhanced  geminate 
recombination.  The  dose  rate  is  indeed  considerably  higher  for 
electron  bombardment  than  for  Co&0  since  irradiation  times  differ 
by  a factor  of  300-6000,  only  a fraction  of  the  irradiation  time  in 
the  e-beam  case  results  in  exposure  of  the  active  area,  and  only 
a fraction  of  the  active  area  is  exposed  at  any  one  time  (depending 
on  the  amount  of  defocusing  employed,  which  was  not  quantified). 

A dose-rate  ratio  of  10^-  106  rads(Si)/s  is  estimated.  Since  charge 
separation  leading  to  trapped  holes  in  the  AI2O3  presumably  re- 
quires the  presence  of  the  fringing  field,  suppression  of  the  field 
due  to  the  electron  beam  could  easily  be  responsible  for  the  reduc- 
tion in  saturated  leakage  current.  This  hypothesis  need  not  be  in- 
consistent with  the  low-dose  data  which  show  a high  rate  of  increase 

* 

See  IEEE  Trans.  Nucl.  Sci.,  Dec.  1977,  for  more  recent  data. 
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Figure  65.  Radiation-induced  leakage  current  versus  dose  for  wet- 
oxide  n-channel  SOS  transistors  bombarded  by  Co^ 
gamma  rays  (from  Figure  60)  and  by  18.  5-keV  electrons 
(derived  from  Figure  64). 

of  leakage  current  since  the  dose  rate  employed  there  was  consid- 
erably lower  than  for  the  higher  dose  data  points. 

It  is  clear  that  complementatry  data  using  electron -beam  excita- 
tion at  lower  dose  rates,  and  also  at  more  penetrating  beam  energies, 
are  required  before  a more  detailed  understanding  can  be  achieved. 
The  points  of  difference  in  the  data  just  discussed  should  not,  how- 
ever, obscure  the  basic  finding  of  a similarity  in  behavior  of  pene- 
trating Co^O  irradiation  anc.  for  18.  5-keV  electron-beam  bombard- 
ment which  penetrates  only  about  1.5  pm  into  the  sapphire.  More 
explicit  demonstration  of  the  dependence  of  leakage  current  produc- 
tion on  dose  deposited  near  the  Si-Al^Oj  interface  may  be  obtained 
by  measuring  the  effectiveness  in  inducing  leakage  current  as  a 
function  of  beam  energy.  Such  data  are  shown  in  Figure  66  for  a 
dry  and  a wet  device.  In  this  plot,  "relative  production  effective- 
ness" is  defined  as  the  change  in  leakage  current  induced  by  unit 
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dose  into  the  specimen  at  a given  beam  energy.  The  dose  into  the 
specimen  is  taken  to  be  simply  the  integrated  beam  current  (Ig) 
times  the  beam  energy  (Eg),  which  neglects  backscatter  (about  10%) 
and  the  energy  dependence  thereof.  Thus 


Relative  Production  Effectiveness 
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7 


B 
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(42) 


The  data  in  Figure  66  may  be  judged  quite  similar  for  the  two 
cases,  even  though  they  are  not  as  comprehensive  for  the  wet  de- 
vice. A threshold  for  the  onset  of  leakage  current  generation  on 
the  order  of  6 to  7 keV  is  indicated,  and  the  relative  effectiveness 
of  18.5-keV  electrons  is  seen  to  be  a factor  of  more  than  200  greater 
than  that  for  the  7.  5-keV  case.  Both  of  these  findings  corroborate 
the  importance  of  energy  deposition  in  the  sapphire  for  the  produc- 
tion of  leakage  current.  The  data  show  the  onset  of  leakage  current 
increase  even  at  a beam  energy  of  7.  5 keV  which,  as  mentioned 
above,  may  be  due  to  some  energy  deposition  by  the  tail  of  the  pro- 
file. Although  Figure  63  indicates  negligible  energy  deposition  in 
the  sapphire  at  7.5  keV,  a slight  error  in  the  silicon  thickness  as- 
sumed in  profile  calculations  could  account  for  the  experimental 
observations . 

The  data  in  Figure  66  were  taken  at  successively  higher  beam 
energies,  with  the  increments  in  leakage  current  such  that  satura- 
tion was  approached  at  12.3  keV,  resulting  in  a slight  suppression 
of  that  data  point.  Beyond  12.3  keV,  radiation -induced  recovery  of 
Ijj  was  employed  so  that  pre-  and  post-irradiation  values  of  leak- 
age current  were  comparable  for  each  of  the  data  points  shown.  The 
nonlinearity  of  the  Ijj-ver  sus-dose  curve  observed  in  the  case  of 
Co^®  irradiation  (the  1.5  power  law  illustrated  in  Figure  60)  was 
not  taken  into  account  in  the  treatment  of  the  data. 

In  an  attempt  to  demonstrate  the  dependence  of  leakage  current 
production  on  deposited  energy  in  the  sapphire  more  quantitatively, 
the  relative  effectiveness  data  of  Figure  66  for  the  dry  oxide  may  be 
expressed  in  terms  of  the  fraction  of  the  total  dose  which  is  deposited 
in  the  sapphire,  according  to  the  Everhart  and  Hoff  energy  deposition 
curves.  We  therefore  define  an  absolute  production  effectiveness  as 
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ELECTRON  BEAM  ENERGY  (keV) 

Figure  66.  Relative  effectiveness  in  producing  leakage  current 
vs.  bombarding  electron  beam  energy  for  dry-  and 
wet-oxide  transistors.  (Relative  production  effec- 
tiveness is  defined  by  Eq.  (42)  in  the  text. ) 


RELATIVE  PRODUCTION  EFFECTIVENESS  (arbitrary  units) 
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where  fE  is  that  fraction  of  the  energy  deposited  in  the  sapphire. 
That  is,  f£  is  the  ratio  of  the  integral  of  the  energy  deposition 
profile  at  a given  beam  energy  from  the  Si-AJ.203  interface  to 
infinity  to  the  integral  of  that  profile  from  the  air-Al  interface  to 
infinity.  In  practice,  the  energy  loss  up  to  the  Si-Al203  interface 
was  calculated.  Thus, 
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The  results  of  such  a calculation  are  shown  in  Figure  67  where  ab- 
solute production  effectiveness  is  plotted  versus  electron  range  in 
the  sapphire  (measured  from  the  sapphire  interface)  for  the  corres- 
ponding beam  energy.  Absolute  effectiveness  exhibits  a somewhat 
weaker  dependence  on  beam  energy  than  relative  effectiveness  (Fig- 
ure 66).  For  example,  absolute  effectiveness  increases  by  a factor 
of  3.7  between  11.1  and  16  keV  whereas  relative  effectiveness  in- 
creases by  a factor  of  7.7  over  this  same  range.  This  observation 
is  consistent  with  the  relevant  dose  for  leakage  current  production 
being  that  deposited  in  the  sapphire,  although  an  absolute  effective- 
ness that  is  independent  of  beam  energy  was  anticipated.  It  is  pos- 
sible that  the  increase  in  this  quantity  evident  in  Figure  67  is  due  to 
competition  between  leakage-current  production  and  reduction  over 
the  range  of  beam  energies  under  consideration.  (The  leakage  cur- 
rent reduction  process  is  described  below. ) 

As  shown  in  Figure  67,  even  the  18.5-keV  beam  penetrates  only 
about  1. 5 pm  into  the  sapphire.  One  expects  that  the  depth  into  the 
sapphire  which  potentially  contributes  to  leakage  current  is  on  the 
order  of  the  channel  length,  which  in  this  case  is  about  5 pm.  This 
is  because  the  fringing  field  due  to  V^j,  which  presumably  is  re- 
quired for  the  production  of  leakage  current,  extends  into  the  sap- 
phire a distance  comparable  to  the  channel  length,  and  also  because 
any  trapped  charge  within  that  compass  would  yield  an  image  charge 
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Figure  67.  Absolute  production  effectiveness  versus  electron 
range  in  sapphire  for  a dry-oxide  n-channel  SOS 
transistor  (based  on  data  in  Figure  66). 

predominantly  within  the  channel  region.  It  would  be  of  interest  to 
determine  the  absolute  production  effectiveness  for  higher  beam 
energies  in  order  to  map  out  the  spatial  dependence  of  the  effec- 
tiveness with  which  leakage  current  is  produced.  A significant 
decrease  in  absolute  effectiveness  is  expected  for  electron  ranges 
on  the  order  of  5 pm  or  larger,  and  such  ranges  are  obtainable 
with  our  SEM,  which  has  a beam  voltage  capability  up  to  45  keV. 

The  phenomenon  of  radiation-induced  reduction  of  leakage 
current  by  means  of  irradiation  under  conditions  of  vds  = ° has  been 
discussed  above.  It  was  occasionally  employed  in  SEM  experi- 
ments in  order  to  permit  more  extensive  studies  of  leakage  current 
production  on  a particular  sample.  Experiments  were  also  per 
formed  to  shed  light  on  the  recovery  mechanism.  It  is  of  interest 
to  determine  the  relative  effectiveness  of  electron-beam  irradia- 
tion for  inducing  recovery,  and  for  this  purpose  a suitable  critor- 
ion  needs  to  be  adopted.  We  assume  that  the  reduction  process  is 
$ 

See  IEEE  Trans.  Nucl.  Sci.,  Dec.  1977. 
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the  converse  of  the  leakage-current  production  mechanism.  Under 
applied  drain  bias,  equilibrium  conditions  obtain  when  hole  traps 
are  occupied,  and  with  dram  bias  removed,  equilibrium  conditions 
obtain  when  holes  traps  are  subsequently  unoccupied.  The  ionizing 
dose  rate  of  the  incident  radiation  determines  the  rate  of  approach 
to  equilibrium.  This  picture  is  oversimplified  in  that  thermally- 
induced  reduction  of  post-irradiation  trap  occupancy  is  known  to  oc- 
cur. Thus,  the  equilibrium  condition  reached  in  the  presence  of 
radiation  is  not  true  thermal  equilibrium,  but  that  distinction  is 
unimportant  here.  By  analogy  to  the  linear  charging  model  dis- 
cussed i • Section  5.  5.  3 for  the  production  of  leakage  current,  one 
may  refer  to  a discharging  model  of  similar  character.  The  suit- 
able expression,  then,  for  the  rate  of  discharging  of  traps  would 
be  in  terms  of  the  reciprocal  of  the  leakage  current.  We  there- 
fore define  relative  recovery  effectiveness  in  the  following  manner: 

Mi/y 

Relative  Recovery  Effectiveness  - — — — — . (45) 

B J B 

By  analogy  to  leakage  current  production  (Eq.  (45)),  we  can  also 
define  an  absolute  recovery  effectiveness  as 


A(I/V 
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Recovery  data  in  terms  of  relative  effectiveness  for  several 
beam  energies  are  presented  in  Figure  68  for  a dry-  and  a wet- 
oxide  transistor.  The  previously  discussed  curve  for  leakage  cur- 
rent production  effectiveness  for  a dry  transistor  (similar  to  wet) 
is  also  shown  (taken  from  Figure  66).  It  is  apparent  that  the  strong 
energy  dependence  of  the  relative  effectiveness  for  producing  leak- 
age current  is  not  observed  in  the  recovery  process.  Data  for  the 
wet-oxide  transistor  were  only  obtained  at  two  beam  voltages,  but 
these  were  taken  concurrently  with  the  leakage -current  production 
effectiveness  values  shown  in  Figure  66.  These  wet  data  were 
judged  to  provide  a more  accurate  basis  for  comparison  of  the  ef- 
fectiveness for  recovery  with  the  effectiveness  for  production  of 
leakage  current  because  behavior  for  dry  transistors  was  found  to 
be  more  complicated,  as  discussed  below. 


174 


Figure  68.  Relative  recovery  (or  reduction)  effectiveness  vs. 

bombarding  electron  beam  energy  for  leakage  cur- 
rents in  dry-  and  wet-oxide  n-channel  SOS  transistors. 
Also  shown  is  a curve  taken  from  Figure  66  (dry 
oxide)  illustrating  relative  production  effective- 
ness versus  energy.  (The  two  recovery  effectiveness 
curves  are  shown  on  the  same  scale  for  convenience 
only. ) 
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Equation  (46)  was  used  to  calculate  absolute  recovery  effective- 
ness for  the  wet-oxide  transistor  at  beam  energies  of  8.6  kcV  and 
18.5  keV.  For  these  energies,  the  values  of  f^.  are  0.06  and  0.77, 
respectively.  This  calculation  yielded  a recovery  effectiveness  at 
8.6  keV  that  was  a factor  of  ~4  greater  than  at  18.  5 keV,  which  re- 
veals that  the  dominant  recovery  mechanism  is  not  that  of  energy 
deposition  in  the  sapphire.  If  this  were  the  mechanism,  then  the 
8.6-keV  beam  would  not  be  more  effective  for  recovery  than  the 
18.5-keV  beam.  A mechanism  of  leakage-current  reduction  which 
would  explain  the  recovery  curves  of  Figure  68  is  that  of  electron 
injection  from  Si  into  AI2O3.  For  such  a process,  the  amplitude  of 
the  energy  deposition  profile  at  or  near  the  Si-A^Oj  interface  would 
be  important  rather  than  the  dose  deposited  in  the  Al^O^.  The 
amplitude  of  the  energy  loss  profile  at  this  interface  has  a consider- 
ably softer  dependence  on  electron  energy  than  the  sapphire  dose. 
Qualitatively,  this  consideration  can  account  for  the  shapes  of  the 
recovery  curves  in  Figure  68.  Before  considering  the  electron- 
injection  mechanism  further,  two  additional  features  of  the  recovery 
data  are  described. 

Recovery  data  were  obtained  first  for  a dry-oxide  device,  and 
over  the  course  of  measurements  it  was  found  that  the  minimum 
leakage  current  which  could  be  obtained  by  radiation -induced  re- 
covery showed  some  dependence  on  the  beam  energy  with  which 
recovery  was  induced.  Higher  beam  energies  produced  higher 
limiting  values  of  leakage  current.  This  is  illustrated  in  Fig- 
ure 69  where  minimum  leakage  current  is  plotted  versus  bombard- 
ing electron  energy.  It  should  be  noted  that  these  data  were  ob- 
tained only  on  a single  sample  and  that  the  limited  amount  of  data 
taken  do  not  permit  extraction  of  possible  effects  of  sample  irrad- 
iation history  that  are  more  subtle.  It  was  found,  however,  that 
if  radiation -induced  recovery  was  employed  at  low  beam  energies 
to  reach  a limiting  value  of  leakage  current  and  then  followed  by 
further  exposure  to  higher  beam  energies  (also  under  V^g  =0  con- 
ditions), an  increase  in  leakage  current  was  noted.  Such  increases 
were  in  accordance  with  Figure  69  in  that  they  occurred  up  to  cur- 
rent levels  appropriate  to  the  particular  beam  energy  employed. 

The  implications  of  this  finding  have  not  yet  been  fully  discerned, 
but  it  is  mentioned  here  because  of  its  potential  effect  on  recovery 
data  shown  in  Figure  68  for  the  dry  device.  This  phenomenon  was 
not  evident  for  the  wet-oxide  transistor  in  the  limited  experiments 
performed.  It  is  noteworthy  that  the  radiation -induced  recovery 
curves  (wet  and  dry)  appear  to  be  similar  despite  this  difference. 
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MINIMUM  LEAKAGE  CURRENT  (A) 


Figure  69*  Minimum  back-channel  leakage  current  in  a dry- 
oxide  transistor  versus  the  bombarding  electron 
beam  energy  used  to  reduce  leakage  current  to  a 
particular  minimum  value  by  irradiation  with 
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The  second  feature  of  the  data  which  should  be  mentioned  is  that 
in  the  case  of  the  wet  device  the  radiation-induced  recovery  data  of 
Figure  69  were  obtained  at  both  8.6  and  18.  5 keV  following  produc- 
tion of  leakage  current  using  an  18.  5-keV  beam.  It  might  be  expec- 
ted that  the  18. 5-keV  beam  would  charge  up  traps  more  deeply  in  the 
sapphire  than  could  be  neutralized  with  the  short-range  8.6-keV  beam. 
This  appears  not  to  be  the  case. 

The  recovery  effectiveness  of  the  8.6-keV  zero-bias  irradiation 
just  described  could  be  accounted  for  in  two  ways.  If  it  is  assumed 
that  traps  are  distributed  over  some  reasonable  distance  in  the  sap- 
phire, then  neutralization  of  trapped  charge  in  the  Al^O^  would  have 
to  occur  by  the  process  of  electron  injection  from  the  silicon.  These 
carriers  would  drift  in  the  dipole  field  established  between  the  fixed 
positive  charge  and  its  image  charge  in  the  silicon,  and  recombine 
with  the  holes  at  such  distances.  If  all  of  the  trapped  holes  in  the 
Al^Oj  are  located  at  the  interface,  however,  regardless  of  where 
they  were  generated,  then  the  process  of  radiation-induced  recovery 
by  an  8.6-keV  beam  could  occur  either  by  electron  injection  or  by  the 
process  of  hole  depopulation  in  which  detrapped  holes  would  be  injected 
into  the  silicon.  Both  of  these  processes  (injection  and  depopula- 
tion) would  exhibit  the  same  dependence  of  recovery  effectiveness 
on  beam  energy,  being  governed  by  the  amplitude  of  the  beam  pro- 
file at  the  interface.  If  all  the  holes  are  trapped  at  the  interface, 
either  mechanism  could  explain  the  complete  recovery,  using  low 
beam  energies,  of  leakage  current  produced  by  high  beam  energies. 

It  is  therefore  important  to  address  the  question  of  the  spatial 
distribution  of  traps  within  the  sapphire.  On  the  basis  of  reason- 
able physical  arguments,  it  would  appear  likely  that  the  trap  sites 
are  located  at  the  interface  itself.  The  higher  rate  of  leakage  cur- 
rent production  in  the  case  of  the  dry  oxide  has  been  ascribed  to  a 
greater  trap  density,  which  must  be  processing-related.  It  is 
likely  that  such  processing  effects  extend  over  quite  limited  range 
into  the  sapphire,  perhaps  the  distance  over  which  stoichiometry 
is  affected  or  over  which  stress  prevails.  Such  distances  are  ex- 
pected to  be  small  compared  to  the  1.5-pm  range  of  an  18.  5-keV  beam 
in  the  sapphire.  If  it  can  be  argued  that  the  traps  occur  at  the  in- 
terface in  the  case  of  the  dry  oxide,  then  it  is  likely  that  the  same 
holds  for  the  wet  oxide  since  the  observed  energy  dependence  of 
the  recovery  effectiveness  is  so  similar  in  the  two  cases.  The 
possibility  of  a spatial  distribution  of  trapping  sites  into  the  sap- 
phire cannot  be  ruled  out  a priori,  however. 


178 


Electron-beam  experiments  are  capable  of  shedding  light  on 
this  question.  If  all  the  trapping  sites  occur  at  the  interface,  then 
we  would  not  expect  the  saturation  leakage  current  to  be  different 
for  the  case  of  electron -beam  bombardment  than  for  Co^®  irradi- 
ation, contrary  to  our  (limited)  observation  (Figure  65).  A more 
comprehensive  determination  of  the  dependence  of  saturation  leak- 
age current  on  electron  energy  would  permit  a determination  of 
the  location  of  trapping  sites.  If  such  an  experiment  is  to  be  un- 
ambiguous, however,  the  alternative  hypothesis  for  the  saturation 
leakage  current  difference  should  be  kept  in  mind.  This  hypothesis 
holds  that  the  electron-beam-induced  saturated  leakage  current 
may  be  lower  because  of  a dose -rate  dependence  of  leakage  current 
production  via  field  suppression  at  the  interface  in  the  presence  of 
the  electron  beam.  If,  as  a result  of  such  studies,  the  traps  are 
indeed  found  to  be  broadly  distributed,  then  a choice  in  favor  of  the 
mechanism  of  electron  injection  is  clearly  indicated.  In  the  event 
that  traps  are  found  to  be  strongly  localized  at  the  interface,  how- 
ever, as  is  likely,  then  electron-beam  experiments  may  not  be  able 
to  discriminate  between  electron  injection  and  hole  depopulation. 

53  , 52 

As  discussed  in  Section  5.5.4,  Harari  and  Wang  and  Royce 
performed  experiments  in  which  leakage  current  reduction  was 
achieved  by  optical  excitation.  Harari  postulated  an  electron  in- 
jection mechanism  whereas  Wang  and  Royce  explained  their  find- 
ings in  terms  of  photodepopulation  of  trapped  holes,  with  the  as- 
sumption that  the  temporarily  mobile  holes  move  away  from  the 
interface  under  influence  of  their  mutual  repulsion.  Drawing  gen- 
eral conclusions  on  the  basis  of  these  other  studies  for  the  present 
work  is  difficult  since  the  experimental  conditions  are  so  different 
in  the  two  cases.  More  detailed  SEM  studies  may  be  helpful  in 
establishing  the  dominant  leakage -current  recovery  mechanism  in 
a specific  situation. 

An  additional  study  undertaken  with  the  SEM  concerned  the 
radiation  susceptibility  of  island  edges  on  SOS  transistors.  These 
< 111>  faces  exhibit  different  threshold  shifts  with  dose  than  for 
the  oxide  in  the  channel  region,  where  the  silicon  is  of  < 100> 
orientation.  The  SEM  technique  is  particularly  suitable  to  such 


52S.  T.  Wang  and  B.  S.  H.  Royce,  IEEE  Trans.  Nucl.  Sci. 
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an  investigation  in  that  the  beam  energy  can  be  chosen  to  maxi- 
mize the  dose  into  the  silicon  dioxide  with  respect  to  the  dose  re- 
ceived by  the  sapphire.  Additionally,  whatever  leakage  current  is 
produced  upon  irradiation  may  be  eliminated  by  radiation-induced 
recovery,  so  that  the  only  net  change  effected  in  drain  character- 
istics is  due  to  the  increased  conductivity  attributable  to  the  island 
edge.  Since  the  conductance  of  the  island  edges  is  observed  to  be 
small,  it  is  seen  only  when  the  front  channel  is  weakly  inverted. 

The  ijland  edge  effect  was  studied  in  both  wet-  and  dry-oxide 
transistors,  with  emphasis  placed  on  dry  devices  where  the  effect 
is  more  easily  masked  by  the  high  back-channel  leakage  current 
and  where  the  additional  sensitivity  of  the  SEM  technique  is  partic- 
ularly advantageous.  Transistors  were  used  in  this  study  which 
were  fabricated  with  uniform  metallization  thickness,  so  that  the 
front-channel  region  was  not  preferentially  irradiated.  The  metal- 
lization thickness  was  in  excess  of  1 pm,  thus  requiring  rather 
higher  electron-beam  energies  to  penetrate  to  the  silicon  dioxide 
than  in  the  case  of  the  thin  gate  metallization.  A threshold  for 
increase  in  island  edge  conductance  was  observed  at  about  9 keV 
and  for  production  of  back -channel  leakage  current  at  about  10  keV. 
These  studies  yielded  no  profound  new  insights  and  therefore  no 
presentation  of  specific  experimental  results  is  made  here. 

5.5.6  Non-Ohmic  Contact  Effects  on  Leakage  Current 
Measurements 

It  was  mentioned  in  Section  5.4  that  the  custom  SOS  transis- 
tors used  in  this  study  had  source  and  drain  regions  which  were 
not  doped  heavily  enough  to  yield  ohmic  contacts.  The  resulting 
non-ohmic  source  and  drain  contacts  (Schottky  barriers)  were 
carefully  taken  into  account  in  channel  mobility  measurements,  as 
described  in  that  section.  We  also  made  an  assessment  of  the 
possible  effects  of  these  contacts  on  measurements  of  back-channel 
leakage  current  and  our  findings  are  discussed  here. 

The  main  effect  addressed  was  determination  of  that  portion 
of  the  applied  drain-to -sour ce  voltage  V<}8  which  was  dropped 
across  the  two  non-ohmic  contacts  (one  forward  biased  and  the 
other  reverse  biased).  To  do  this,  we  made  use  of  SOS  capacitors 
fabricated  simultaneously  with  SOS  transistors.  As  described  in 
Section  5.2,  these  devices  were  identical  to  the  transistors  except 
that  the  channel  was  implanted  with  phosphorus.  Thus,  measure- 
ments on  such  structures,  each  of  which  consists  of  a resistor 
with  non-ohmic  contacts  on  each  end,  permit  Schottky-barrier 
effects  to  be  isolated. 
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Current-voltage  characteristics  were  determined  for  SOS 
capacitors  w^th  wet  and  dry  oxides  at  room  temperature  and  the 
resulting  curves  were  identical.  In  addition,  current-voltage 
characteristics  were  determined  for  a wet-oxide  unit  over  the 
temperature  range  shown  for  data  in  Figure  56.  For  wet  oxides 
at  room  temperature,  the  leakage  current  range  covered  in  meas- 
urements on  transistors  as  a function  of  dose  (Figure  55)  was  from 
~4  x 10  to  ~6  x 10-?A.  From  SOS  capacitor  measurements  we 
found  that  the  total  voltage  drop  across  the  two  non-ohmic  contacts 
for  these  two  cases  was  ~0  and  ''-0.  5V,  respectively.  This  means 
that  for  Vds  = 5V  the  percentage  of  Vds  that  was  dropped  across 
the  channel  during  irradiation  of  a wet-oxide  transistor  ranged 
from  100%  pre -irradiation  to  '■'■'90%  for  irradiation  to  a dose 
>10^  rads.  This  means  that  the  increasing  voltage  drop  a cross  the 
non-ohmic  contacts  with  increasing  dose  caused  the  measured  1^ 
to  be  slightly  less  than  it  would  have  been  if  the  contacts  had  been 
ohmic.  Below  room  temperature,  1 1 is  smaller  and  this  effect  is 
reduced.  On  data  plots  such  as  those  shown  in  Figures  54-  56,  the 
correction  of  wet-oxide  data  for  contact  effects  is  negligible. 

For  the  larger  leakage  currents  of  dry-oxide  transistors, 
contact  effects  are  also  enhanced.  At  room  temperature,  1^ 
varied  from  ~4  x 10  ® to  ~5  x 10_5a  in  exposures  up  to  10^  rads. 
The  pre -irradiation  contact  voltage  drop  is  ~0.  IV  whereas  post- 
irradiation this  drop  is  ~ 1 . 4V . Thus,  for  Vds  = 5V  the  correction 
for  contact  effects  in  dry-oxide  transistors  ranges  from  negligible 
pre -irradiation  to  ~30%  post-irradiation.  At  lower  temperatures, 

II  is  smaller  and  the  correction  is  smaller.  For  example,  at 
1000/T  = 4.  0 in  Figure  56,  the  post-irradiation  1^  for  a dry- 
oxide  transistor  is  ~9  x 10_^A.  Current-voltage  characteristics 
for  an  SOS  capacitor  at  that  temperature  yielded  a voltage  drop  of 
~1V  for  that  current,  which  is  a 20%  contact  effect.  Dry-oxide 
data  in  Figures  54-  56  (and  other  figures)  were  not  corrected  for 
contact  effects.  However,  doing  so  would  not  have  an  important 
effect  on  the  analysis  and  conclusions  made  in  previous  sections. 
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5.6  BACK-CHANNEL  LEAKAGE  CURRENT  STUDIES  ON 
CMOS/SOS  INVERTERS 

Studies  of  radiation-induced  back-channel  leakage  current 
•were  made  on  radiation-hardened  CMOS/SOS  inverters  (4007)  ob- 
tained from  three  manufacturers.  As  mentioned  in  Section  5.2, 
devices  from  five  lots  were  examined,  including  two  lots  from 
each  of  two  manufacturers  and  one  from  the  third  supplier.  Quan- 
tities were  quite  small  (two  devices  from  each  lot  in  most  cases), 
so  we  emphasized  investigation  of  only  one  phenomenon:  radiation- 
induced  reduction  of  leakage  current.  Our  purpose  was  to  deter- 
mine whether  the  findings  for  specific  custom  n-channel  SOS  tran- 
sistors reported  in  Section  5.  5.  4 were  general.  Irradiations  were 
performed  using  Co^®  at  a dose  rate,  in  most  cases,  of  64  rads(Si)/s. 
Measur ements  of  leakage  current  were  typically  made  at  VgS  = 0; 
input  protection  circuits  prevented  us  from  using  a more  negative 
gate  bias.  Individual  n-channel  transistors  on  the  4007  chips  were 
investigated. 

Large  variations  in  radiation  response  were  observed  from 
lot  to  lot.  However,  the  radiation -induced  recovery  phenomenon 
was  evident  for  all  devices  examined,  including  units  from  all 
three  manufacturers.  We  thus  conclude  that  this  effect  is  general 
and  not  specific  to  the  custom  transistors  studied  in  detail.  Rather 
than  present  a number  of  graphs  showing  radiation-induced  in- 
creases and  reduction  of  l£  for  various  devices  obtained  under  a 
variety  of  conditions,  we  instead  summarize  key  observations  in 
tabular  form  for  example  cases  (Table  II).  In  all  cases  shown, 
pre -irradiation  I ^ is  relatively  small.  In  three  of  the  four  cases, 
post-irradiation  1^  is  at  least  an  order  of  magnitude  larger  than 
before  irradiation  (nearly  four  orders  of  magnitude  larger  in  two 
cases).  Reduction  of  I £ was  accomplished  by  continuing  the  irrad- 
iations with  Vjjg  = V = 0,  as  discussed  in  Section  5.5.4.  Recovery 
was  significant  in  all  four  cases  . In  fact,  for  three  cases  the  post- 
recovery value  of  I|  is  smaller  than  the  pre -irradiation  value  (an 
order  of  magnitude  smaller  in  one  case  --  Manufacturer  #2,  lot  #1). 
(We  also  observed  this  effect  for  other  devices  not  listed  in  Table  II. ) 
This  finding  suggests  a method  by  which  SOS  manufacturers  could, 
in  some  cases,  reduce  pre-irradiation  Ij  : irradiate  devices  to  a 
moderate  level  (~10^  rads)  with  all  the  leads  shorted. 


The  above  observation  suggests  that  positive  charge  is 
trapped  in  the  Al^O,  for  some  as -manufactured  CMOS  inverters 
which  gives  rise  to  leakage  current.  The  fact  that  we  were  able 
to  reduce  Ij  by  a zero-bias  irradiation  is  in  contrast  to  the 
work  of  Harari  and  McGreivy.^*  They  were  unable  to  reduce  1/ 
in  unirradiated  devices  by  photodepopulation.  On  the  other  hand, 
in  the  present  studies  on  custom  SOS  transistors  (discussed  in 
earlier  sections)  we  never  observed  a post-recovery  leakage  cur- 
rent that  was  less  than  the  pre -irradiation  value,  which  is  in 
agreement  with  Harari's  observations  . 


5.7  STUDIES  OF  THE  SILICON -SAPPHIRE  INTERFACE 
USING  CAPACITANCE -VOLTAGE  MEASUREMENTS 


A modified  capacitance -voltage  measurement  technique  has 
recently  been  developed^*  ^ to  characterize  the  silicon -sapphire 
interface  in  terms  of  fixed  charge,  interface  density,  silicon  dop- 
ing concentration,  bias- temper ature  3tress  effects,  and  radiation 
tolerance.  In  this  measurement,  bias  is  applied  across  the  sap- 
phire wafer  to  sweep  the  surface  potential  at  the  silicon -sapphire 
interface.  An  experimental  facility  has  been  built  at  Northrop  to 
perform  such  measurements  on  state-of-the-art  hardened  SOS 
wafers,  and  suitable  test  wafers  were  obtained.  However,  these 
wafers  did  not  arrive  before  the  end  of  the  program,  so  testing 
was  confined  to  older  Inselek  wafers  for  the  purpose  of  verifying 
performance  of  the  test  apparatus.  In  this  section  the  experimen- 
tal method  and  our  implementation  will  be  described. 


Application  of  the  conventional  C-V  measurement  technique  to 
the  case  of  an  MIS  structure  employing  a thick  insulator  presents 
several  difficulties.  First,  the  total  capacitance  change  induced 
by  depleting  the  silicon  is  very  small  since  it  is  in  series  with  a 
small  insulator  capacitance.  Secondly,  a large  bias  voltage  swing 
is  required  to  sweep  the  space-charge  capacitance  over  the  range 
of  interest.  The  modification  of  the  conventional  C-V  technique 
which  facilitates  measurements  under  these  conditions  consists  of 
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bucking  out  the  bulk  of  the  capacitance  signal  by  means  of  an 
opposite -phase  signal  derived  from  the  same  ac-excitation  source. 
This  method  of  baseline  subtraction  reduces  sensitivity  to  source 
intensity  fluctuations  and  to  drift  in  the  detection  circuitry.  In  its 
application  to  this  particular  problem,  the  method  has  been  ex- 
ploited primarily  by  Goodman^’  ^ who  has  also  performed  an 
analysis  of  sources  of  error. 


The  experimental  design  to  be  described  differs  somewhat 
from  that  of  Goodman,  and  may  offer  some  advantages  of  simplic- 
ity. The  circuit  is  illustrated  schematically  in  Figure  70.  A dc 
bias  and  ac -modulation  in  the  range  of  10  to  10^  Hz  are  applied  to 
the  epitaxial  silicon  layer,  and  the  ac  sample  current  is  recovered 
by  means  of  a current-to -voltage  converter.  The  capacitive  feed- 
back employed  with  the  converter  results  in  direct  calibration  in 
terms  of  capacitance,  independent  of  excitation  frequency.  The 
10  -fi  resistor  in  the  feedback  loop  prevents  saturation  of  the 
amplifier,  but  is  irrelevant  to  the  calibration  at  frequencies  of 
interest.  The  ac -modulation  voltage  is  applied  to  the  sample  through 
a 20  kV,  0.01  |jF  oil-filled  glass  capacitor.  The  dc  bias  is  applied 
through  a 20  Mfl  resistor,  which  limits  the  current  from  the  filter 
capacitor  in  the  event  of  dielectric  failure  of  the  sample.  The  bias 
level  was  derived  from  a manually -controlled  high-voltage  power 
supply  (Universal  Voltronics  BAL-16-50).  High-voltage  transients 
resulted  in  saturation  of  the  lock-in,  requiring  the  use  of  low-pass 
filters  in  the  dc  bias  circuit.  Subsequently,  it  was  found  desirable 
to  sweep  the  dc  bias  in  a more  controlled  fashion,  and  to  this  end 
a 200-sec  risetime  RC  circuit  was  incorporated  into  the  circuit. 

The  dc  bias  was  monitored  by  means  of  a voltage  divider  and  fol- 
lower amplifier  to  eliminate  loading  of  the  divider  by  the  X-Y 
recorder. 

The  ac -modulation  signal  is  inverted  in  the  bucking  circuit 
and,  with  suitable  phase  trim,  impressed  upon  a variable  capaci- 
tance used  as  the  principal  amplitude  control  of  the  bucking  signal. 
Since  the  overall  gain  of  the  inverter  is  about  1/2,  the  approximate 
setting  of  the  variable  capacitance  is  twice  the  sample  capacitance. 

A final  amplitude  trim  is  provided  at  the  input  of  the  inverter 

amplifier . 
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In  preliminary  testing  of  the  circuit  using  Inselek  SOS  wafers 
obtained  several  years  ago,  dielectric  failure  of  one  test  device  was 
experienced,  and  the  output  stage  of  the  ac -modulation  source  was 
sacrificed.  Subsequently,  a protection  circuit  was  installed  for 
both  the  ac  source  and  the  inverter  amplifier.  The  current-to- 
voltage  converter  is  protected,  somewhat  marginally,  by  means 
of  low-leakage  diodes.  These  do  affect  the  dc  performance  of  the 
amplifiers,  giving  rise  to  some  20  pA  of  offset,  but  this  is  not  of 
consequence.  More  trustworthy  input  protection  for  the  amplifier 
would  be  desirable,  but  has  been  resisted  because  of  the  effects 
on  circuit  function.  The  cur rent-to -voltage  converter  is  probably 
somewhat  at  risk  in  the  event  of  dielectric  failure,  even  though  it 
has  survived  so  far. 

The  experimental  limitation  of  the  modified  C-V  system  in  the 

determination  of  space  charge  capacitance  is  essentially  the  noise 

level  of  the  measurement.  Referring  to  the  input  and  output  ac 

amplitudes,  respectively,  as  V.  and  V , the  measurement  yields , 

. , . . , , in  out  7 

with  bucking  signal  applied 


out  _ AC 

V.  = 100  pF  ' 
in 


(47) 


Under  tj^ical  conditions,  the  noise  level  corresponds  to  AC  = 

3 x 10  F.  It  is  of  interest  to  ascertain  the  sensitivity  this  af- 
fords in  the  determination  of  the  space-charge  capacitance,  C§q, 
when  in  series  combination  with  a small,  say  10  pF,  insulating 
layer  capacitance,  Cj.  For  the  case  of  relatively  large  Cg^,  the 
approximation 


(48) 


may  be  employed.  Using  the  above  values,  a space-charge  capac- 
itance as  large  as  3 x 10“^  F may  be  detected  with  10:1  S/N  ratio. 
Put  slightly  differently,  the  ratio  Cg^/Cj  corresponding  to  10:1  S/N 
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ratio  is  3 x 10  . According  to  the  error  analysis  performed  by 
Goodman,  ^9  for  a high  Cg^/Cj  ratio  the  error  in  the  determina- 
tion of  Cg£,  using  compensation,  ranges  up  to  two  to  three  times 
the  error  prevailing  in  the  determination  of  Cj  using  the  conven- 
tional measurement,  depending  on  assumptions. 

In  practice,  it  was  found  that  several  conditions  limited  per- 
formance of  the  equipment  to  somewhat  less  than  the  limit  imposed 
by  the  noise  level.  First  of  all,  it  was  found  that  overload  of  the 
lock-in  amplifier  resulting  from  transients  as  the  high  voltage 
power  supply  was  being  manually  swept  were  difficult  to  avoid, 
despite  the  use  of  the  long  RC  time  constant  and  the  transient  filter. 
Even  when  the  range  of  voltage  change  was  kept  low  enough  to 
avoid  overloading,  some  hysteresis  in  the  curves  was  observed. 
This  may,  of  course,  have  been  due  to  real  physical  effects  such 
as  slow  interface  states;  however,  it  could  also  have  been  due  to 
residual  effects  of  the  bias  sweep  since  the  lock-in  is  sensitive  to 
the  Fourier  component  of  the  ramp  at  the  test  frequency.  In  order 
to  eliminate  any  residual  error  due  to  the  second  of  these  possi- 
bilities, an  additional  compensation  circuit  was  incorporated  to 
buck  out  the  displacement  current  resulting  from  the  high  voltage 
transient  at  the  input  of  the  current-to -voltage  converter.  (This 
circuit  has  been  tested  successfully,  but  has  not  been  included 
in  Figure  70.  ) 

Secondly,  we  have  observed  the  effects  of  small  coronas  at 
elevated  voltages  which  make  measurements  difficult  even  before 
the  point  of  dielectric  failure  of  the  device  is  reached.  The  dis- 
charges depend  on  sign  and  magnitude  of  the  sweep  rate,  rather 
than  merely  on  the  absolute  voltage  level,  which  suggests  that  they 
may  arise  from  redistribution  of  surface  charge  on  dielectric 
components  of  the  high-voltage  circuitry,  or  on  the  sample  itself. 
Careful  cleaning  of  all  such  parts  was  found  to  yield  significant, 
though  temporary,  improvement.  The  method  of  contacting  the 
sample  was  changed  to  the  use  of  a large  (0.  5-in.  diameter)  ball, 
minimizing  radii  of  curvature  to  avoid  coronas  from  this  source. 
The  ball  makes  contact  with  the  aluminum  metallization  on  the 
sample  by  force  of  gravity.  Another  likely  source  of  coronas 
is  either  the  periphery  of  the  circular  metallization  pattern,  or 
the  periphery  of  the  silicon.  The  solution  to  that  problem  might 
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be  the  use  of  a field  plate  to  reduce  the  concentration  of  field  lines 
at  these  peripheries.  To  reduce  the  incidence  of  these  coronas, 
the  sample  holder  was  provided  with  desiccant  and  dry  nitrogen 
(obtained  from  a liquid  nitrogen  dewar  and  heated)  was  passed 
through  the  sample  chamber  continuously.  The  problem  neverthe- 
less remains  to  some  extent. 

The  preferable  solution  to  the  above  experimental  difficulties 
is  to  employ  samples  with  thinner  than  conventional  substrates,  thus 
reducing  the  bias  voltage  range  required.  We  have  consequently 
obtained  SOS  wafers  from  Union  Carbide  fabricated  on  5-mil  and 
9-mil  substrates.  The  former  will  reduce  the  required  voltage 
range  to  the  order  of  6 kV,  which  should  be  quite  manageable. 

The  wafers  were  not  received  in  time  to  be  tested. 

In  summary,  an  experimental  facility  has  been  described  for 
performing  C-V  measurements  to  characterize  the  silicon- 
sapphire  interface  and  to  test  for  radiation  susceptibility.  The 
facility  extends  the  range  of  applicability  of  C-V  measurements 
by  some  three  orders  of  magnitude  in  the  ratio  CS(--/Cj,  while 
offering  relative  simplicity  in  the  achievement  of  this  objective. 
Experimental  difficulties  have  been  largely  eliminated  using  test 
wafers.  Wafers  of  technological  interest  have  been  received,  but 
not  in  sufficient  time  for  testing  under  the  present  program. 

5.8  STUDIES  OF  THE  SILICON -SAPPHIRE  INTERFACE  USING 
TRANSIENT  CURRENT  MEASUREMENTS 

An  adaptation  of  the  conventional  capacitance -voltage  technique 
to  the  particular  case  of  the  silicon-sapphire  interface  was  described 
in  Section  5.7.  This  method,  however,  has  limitations  with  regard 
to  determination  of  interface -state  density  distributions  in  energy 
within  the  forbidden  gap.  The  C-V  method  is  limited  in  the  energy 
range  over  which  inter  face -state  parameters  may  be  determined, 
and  places  a high  demand  on  the  precision  of  the  experimental  data. 
This  latter  condition  is  particularly  difficult  to  meet  in  the  case  of 
the  silicon-sapphire  interface.  Alternatives  to  the  C-V  method, 
or  methods,  have  been  successfully  employed  to  derive  the  inter- 
face state  density  in  MOS  devices  fabricated  on  bulk  silicon.  In 
contrast  to  ac -modulation  techniques,  these  quasi-dc  techniques 
permit  a relatively  straightforward  determination  of  interface  state 
density  functions  under  certain  simplifying  assumptions. 
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Consider  a bulk  MOS  capacitor  biased  into  accumulation.  In 
equilibrium,  interface  states  are  filled  up  to  the  Fermi  level  at 
the  interface.  If  a voltage  step  is  then  impressed  upon  the  device, 
taking  it  into  deep  depletion,  the  Fermi  level  will  approach  the 
new  equilibrium  as  interface  states  empty.  By  the  nature  of  the 
Fermi  function,  the  interface  states  which  predominate  at  any  in- 
stant in  time  following  the  pulse  are  those  which  lie  close  to  the 
instantaneous  Fermi  level.  The  curr ent-ver sus -time  waveform, 
therefore,  is  a sort  of  mapping  of  the  interface  state  density  func- 
tion over  the  range  that  the  Fermi  level  is  being  swept.  Simmons 
et  al.  have  analyzed  this  problem  and  have  determined  that 

under  some  idealizing  assumptions  the  quantity  (current  times 
time)  is  proportional  to  the  trap  density  at  the  quasi-Fermi  level, 
and  that  the  latter,  measured  with  respect  to  the  conduction  band 
edge  in  the  case  of  the  electron  emission  process  in  the  upper  half 
of  the  gap,  is  proportional  to  the  logarithm  of  time.  A similar 
analysis  is  valid  for  the  generation  process  in  the  lower  half  of 
the  gap,  with  the  current-time  product  yielding  the  interface  trap 
density  at  the  quasi-Fermi  level  which,  when  measured  with  re- 
spect to  the  valence  band  edge,  exhibits  a logarithmic  time 
dependence . 


The  case  of  the  silicon-sapphire  interface  is  somewhat  more 
complex.  Consider  an  MOS  capacitor  on  sapphire  in  which  the 
silicon  layer  is  thin  enough  and  sufficiently  lightly  doped  such  that 
the  whole  layer  is  depleted  in  the  inversion  regime.  Then  the 
charge  equilibration  process  following  a depleting  pulse  involves 
generation  at  the  sapphire  interface  throughout  the  recovery  tran- 
sient. If  the  sapphire -silicon  interface  has  a high  density  of  gen- 
eration centers,  then  it  will  a fact  dominate  the  recovery  process. 
Lehovcc  and  Miller  have  treated  this  problem  theoretically  and 
obtained  fits  to  experimental  data  on  such  a structure. 


In  view  of  the  relative  simplicity  of  the  experimental  tech- 
nique involved  and  because  of  uncertainty  as  to  whether  we  would 
be  successful  in  implementing  ac-modulation  techniques,  the  tran- 
sient recovery  method  was  attempted  and  applied  to  SOS  capacitors 
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in  order  to  determine  the  sensitivity  of  the  interface  state  density 
to  gamma  irradiation.  The  experimental  method  utilized  is  illus- 
trated schematically  in  Figure  71.  It  provides  for  the  application 
of  a transient  to  the  capacitor  for  the  measurement  of  the  sample 
current  over  wide  dynamic  range  and  for  compensation  of  the  tran- 
sient resulting  from  the  expulsion  of  majority  carriers  from  the 
silicon  layer.  This  transient  would  result  in  saturation  of  the 
amplifier,  with  possible  consequences  to  the  transient  recovery 
waveform.  The  bucking  circuit  keeps  operation  in  the  linear  range 
of  the  amplifier.  To  facilitate  this,  some  control  over  the  rise- 
time  of  the  pulse  is  provided.  The  amplifier  settling  characteris- 
tics obtained  with  the  transient  compensation  circuit  are  illustra- 
ted in  Figure  72  for  an  18V  pulse  applied  to  an  8 pF  porcelain 
capacitor  employed  as  a surrogate  sample.  With  an  actual  device 
such  close  compensation  is  not  possible  since  the  sample  capaci- 
tance is  not  time -independent.  It  is  sufficient,  however,  to  keep 
amplifier  operation  linear. 

Preliminary  data  were  taken  on  a wet-oxide  capacitor,  de- 
spite the  fact  that  the  doping  concentration  was  so  high  in  these 
samples  (on  the  order  of  10^6  cm"^)  that  the  depletion  width  did 
not  extend  to  the  sapphire  interface  in  the  equilibrium  inversion 
condition.  The  silicon  film  thickness  here  is  0.46  pm  and  the  de- 
pletion depth  only  about  0.  3 pm.  Initially,  data  were  taken  as  a 
function  of  final  depleting  voltage,  with  a constant  quiescent  bias 
of  3V  in  accumulation.  Results  are  shown  in  Figure  73.  One  ex- 
pects to  see,  and  indeed  one  observes,  an  increase  in  the  genera- 
tion current  component  with  increasing  bias  in  inversion  over  a 
certain  range.  However,  theory  suggests  a well-defined  region 
in  which  generation  current  declines  only  moderately  with  time 
until  the  free  carrier  concentration  at  the  sapphire  interface  in- 
creases sufficiently  so  that  recombination  becomes  significant  and 
net  generation  declines  rapidly  (see  insert  in  Figure  73).  This  be- 
havior was  not  observed.  It  was  also  found  that  the  data  showed 
some  change  over  time  and  considerable  variation  among  samples. 
It  was  therefore  with  only  moderate  enthusiasm  that  we  proceeded 
to  test  for  the  effect  of  ionizing  radiation  on  the  generation  current 
waveform.  The  results  for  10®  rads  (Si)  (Co60)  are  shown  in 
Figure  74.  The  amplifier  settling  response  under  the  prevailing 
conditions  of  the  experiment  is  also  indicated.  No  profound  effects 
are  noted. 
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Figure  73.  Transient  current  following  depleting  pulse  from 
accumulation  to  inversion  for  three  final  volt- 
ages in  inversion. 
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Figure  74.  Current  transient  before  and  after  irradiation  with 
10°  rad(Si)  Co^1®  gammas.  The  corresponding 
amplifier  settling  waveform  is  also  shown,  as  well  as 
one  achieved  with  optimum  transient  compensation. 
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No  further  analysis  was  performed  on  these  data  in  the  ab- 
sence of  more  noteworthy  effects.  It  would  be  of  interest  to  per- 
form the  experiment  on  a sample  specifically  suited  to  it  (lighter 
doping,  preferably  larger  active  area).  Once  greater  familiarity 
with  the  technique  and  the  analysis  thereof  is  gained,  and  the  de- 
pendence of  measured  interface  state  parameters  on  processing 
parameters  is  established,  it  would  be  readily  applicable  to  the 
screening  of  wafers  for  interface  quality. 

If  any  conclusion  can  be  drawn  from  the  data  thus  far,  it  is 
the  tentative  one  that  little  change  in  the  prevailing  interface  state 
density  is  produced  by  irradiation  at  dose  levels  of  10^  rads  (Si). 

By  analogy  to  front-channel  effects,  this  is  perhaps  not  too  sur- 
prising. For  the  front  channel  in  a device  with  a hardened  oxide, 
introduction  of  interface  states  by  ionizing  radiation  is  unimpor- 
tant for  doses  less  than  10^  rads.  Moreover,  the  pre -irradiation 
density  of  such  states  is  on  the  order  of  lO1^  cm"  -eV  for  the 
Si-Al^Oj  interface,  40  but  js  one  or  more  orders  of  magnitude 
lower  at  the  SiO^-Si  boundary. 

5.9  SUMMARY 

Studies  of  ionizing  radiation  effects  on  SOS  devices  were  per- 
formed with  emphasis  placed  on  the  study  of  radiation -induced 
back -channel  leakage  current  and  on  a comparison  of  devices  with 
wet  and  dry  gate  oxides.  Measurements  of  threshold  voltage  shift 
in  a Co^®  environment  demonstrated  both  of  these  device  types  to 
be  quite  radiation  tolerant  in  terms  of  changes  in  that  parameter. 
Under  worst-case  biasing  conditions,  the  maximum  value  of  thresh- 
old shift  observed  up  to  107  rads(Si)  was  1.3V.  Effects  of  radia- 
tion-induced interface  states  were  considerably  more  significant 
in  wet  devices  than  in  their  dry  counterparts.  In  studies  of  chan- 
nel mobility  degradation,  changes  in  this  quantity  at  10^  rads  were 
insignificant  for  dry  transistors  but  for  wet  units  post-irradiation 
mobilities  at  that  same  dose  ranged  from  -^40  to  ''-70%  of  initial 
values.  Such  reductions  are  qualitatively  consistent  with  the  inter- 
face state  effects  observed  for  wet-oxide  devices  in  threshold 
voltage  studies. 
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In  back-channel  leakage  current  studies,  several  significant 
observations  were  made.  Leakage  currents  in  the  dry-oxide  tran- 
sistors investigated  are  approximately  two  orders  of  magnitude 
larger  than  in  wet  devices  both  before  and  after  irradiation.  These 
findings  are  interpreted  in  terms  of  differing  densities  of  identical 
traps  in  the  two  device  types.  At  room  temperature,  radiation- 
induced  leakage  current  varies  as  (dose)*  - ^ for  wet  and  dry  de- 
vices at  doses  less  than  that  for  which  leakage  current  saturation 
is  observed.  The  variation  of  leakage  current  with  temperature  in 
both  irradiated  and  unirradiated  devices  is  attributed  to  the  depend- 
ence of  back-channel  mobility  on  both  temperature  and  inversion - 
layer  carrier  density.  For  an  unirradiated  wet-oxide  transistor 
at  room  temperature,  in  addition  to  this  back-channel  "mobility 
mechanism",  thermal  generation  in  the  drain  depletion  region  also 
appeared  to  be  important  in  giving  rise  to  leakage  current.  A 
process  of  radiation-induced  reduction  of  back-channel  leakage 
current  was  observed.  This  reduction  of  to  near  its  pre- 
irradiation value  is  accomplished  by  irradiating  a device  with 
V^g  =0.  A cycling  experiment  showed  that  this  process  can  be  re- 
peated, which  suggests  that  periodic  reduction  of  V^s  to  zero  to 
cause  a reduction  in  1^  is  a potential  remedy  for  leakage  current 
problems  in  SOS  devices  employed  in  a space  radiation  environment. 

Scanning-electron-microscope  studies  indicate  that  injection 
of  electrons  from  Si  into  AI2O3  where  they  recombine  with  trapped 
holes  is  the  mechanism  of  radiation-induced  recovery.  However, 
if  all  trapped  holes  are  located  at  the  Si-A^O-j  interface  and  are 
not  distributed  spatially  into  the  sapphire,  then  we  cannot  rule  out 
radiation-induced  hole  depopulation  as  the  dominant  mechanism. 

SEM  studies  as  a function  of  beam  energy  also  demonstrate 
that  energy  must  be  deposited  in  the  sapphire  before  significant 
increases  in  back-channel  leakage  current  will  be  observed. 

In  addition,  such  studies  indicate  that  energy  deposition  deep 
in  the  sapphire  bulk  is  relatively  unimportant  in  producing  leak- 
age current.  The  process  of  radiation -induced  reduction  of  l£ 
was  also  observed  in  measurements  on  radiation -hardened  CMOS 
inverters  obtained  from  three  manufacturers.  In  fact,  post- 
recovery leakage  currents  were  often  observed  to  be  less  than 
pre -irradiation  values.  Studies  of  the  Si-A^Oj  interface  based 
on  C-V  measurements  and  transient  current  techniques  have  also 
been  performed  and  preliminary  findings  were  described. 
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P.O.  Box  5000 
Binfhampton,  NY  13902 
Attn:  David  W.  Pepin  DROP  160 

General  Electric  Company-Tempo 
Attn:  DASIAC 

c/o  Defen  ae  Nuclear  Agency 
Washington,  DC  20305 
Attn:  William  Alfonte 

General  Research  Corporation 
P.O.  Box  3587 
Santa  Barbara,  CA  93105 
Attn:  Robert  D.  Hill 

Georgia  Institute  of  Technology 
Georgia  Tech  Research  Institute 
Atlanta,  GA  30332 
Attn:  R.  Curry 

Grumman  Aerospace  Corporation 
South  Oyster  Bay  Road 
Bethpage,  NY  11714 
Attn:  Jerry  Rogers,  Dept.  533 

GTE  Sylvania,  Inc.,  Electronics 
Systems  Grp  - Eastern  Division 
77  "A"  Street 
Needham.  MA  02194 
Attn:  Leonard  L.  Blaisdell 

C.  A.  Thornhill,  Librarian 
James  A.  Waldon 

GTE  Sylvania,  Inc. 

189  "B"  Street 

Needham  Heights,  MA  02194 
Attn:  Charles  H.  Ramsbottom 
Herbert  A.  Ullman 
Paul  B.  Fredrickson 
HtV  Group 

Harris  Corporation 
Harris  Semiconductor  Division 
P.O.  Box  883 
Melbourne,  FL  32901 
Attn:  Carl  F.  Davis,  MS17-220 
T.  L.  Clark,  MS  4040 
Wayne  E.  Abare,  MS16-1U 

Haseltine  Corporation 
Pulaski  Road 
Greenlawn,  NY  11740 
Attn:  Tech  Info  Ctr,  M.  Waite 

Honeywell  Incorporated 
Avionics  Division 
2600  Ridgeway  Parkway 
Minneapolis,  MN  55413 
Atm:  Ronald  R.  Johnson  A1622 


Honeywell,  Incorporated 
Avionic  Division 
13350  U.S.  Highway  19  North 
St.  Petersburg,  FL  33733 
Attn:  MS  72S-J,  Stacey  H.  Graff 

Honeywell  Incorporated 
Radiation  Center 
2 Forbes  Road 
Lexington,  MA  02173 
Attn:  Technical  Library 

Hughes  Aircraft  Company 
Centinela  It  Teals 
Culver  City,  CA  90230 
Attn:  B.W.  Campbell  MS6-E-110 
K.R.  Walker  MS  D157 
Dan  Binder  MS  6 -D 147 

Hughes  Aircraft  Company 
El  Segundo  Site 
P.O.  Box  92919 
Los  Angeles,  CA  90009 
Attn:  E.C.  Smith  MS  A620 
W.W.  Scott  MS  A 1080 

IBM  Corporation 
Route  17C 
Owego,  NY  13827 
Attn:  Frank  Frankovsky 

Ion  Physics  Corporation 
South  Bedrod  Street 
Burlington,  MA  01803 
Attn:  Robert  D.  Evans 

IRT  Corporation 
P.O.  Box  81087 
San  Diego,  CA  92187 
Attn:  R.  L.  Marta 
MDC 

Jamas  A.  Naber 
Ralph  H.  Stahl 

Jaycor 

205  S.  Whiting  SI..  Suite  500 
Alexandria,  VA  22304 
Attn:  Catherine  Tureeko 
Robert  Sullivan 

Kama n Sciences  Corporation 
P.O.  Box  7463 
Colorado  Springe,  CO  80933 
Attn:  Albert  P.  Bridges 
Jerry  I,  Lube  11 
Donald  H.  Bryce 
Walter  F.  Ware 

Litton  Systems,  Inc. 

Guidance  It  Control  Systems  Dlv 
5500  Canoga  Avenue 
Woodland  Hills,  CA  91364 
Attn:  V.J.  Ashby  MS67 
J.P.  Retsler 


Lockheed  Missiles  It  Space  Co  Inc 

P.O.  Box  504 

Sunnyvale,  CA  94088 

Attn:  L.  Rossi  Dept.  81-64 

B.T.  Kimura  Dept.  81-14 
E.A.  Smith  Dept.  85-85 
G.F.  Heath  Dept.  81-14 
P.J.  Hart  Dept.  81-14 
S.l.  Taimuty  Dept.  85-85 

Lockheed  Missiles  It  Space  Co  Inc 
3251  Hanover  St. 

Palo  Alto,  CA  94304 
Attn:  Tech  Info  Ctr  D/Coll 

M.I.T.  Lincoln  Library 

P.O.  Box  73 

Lexington,  MA  02173 

Attn:  Leona  Loughlin  Librarian  A-082 

Martin  Marietta  Aerospace 

Orlando  Division 

P.O.  Box  5837 

Orlando,  FL  32805 

Attn:  William  W.  Mras  MP-413 

Mona  C.  Griffith  Lilt.  MP-30 

Martin  Marietta  Corpo-ation 

Denver  Division 

P.O.  Box  179 

Denver,  CO  80201 

Attn:  Ben  T.  Graham  MS  PO-454 

Research  Ub  6617  J.R.  McKee 
J.E.  Goodwin  MS  0452  (U) 

McDonnell  Douglas  Corporation 
P.O.  Box  516 
St.  Louis,  MO  63166 
Attn:  Technical  Library 

McDonnell  Douglas  Corporation 
5301  Bolsa  Avenue 
Huntington  Beach,  CA  9264'. 

Atm:  Stanley  Schneider 

Mission  Research  Corporation 
735  State  Street 
Santa  Barbara,  CA  93101 
Atm:  William  C.  Hart 

Mission  Research  Corporation 
P.O.  Box  1209 
La  Jolla,  CA  92038 
Atm:  J.P.  Raymond 
V.A.J.  van  Lint 

National  Academy  of  Sciencee 
National  Materials  Advisory  Board 
2101  Constitution  Ava,  NW 
Washington,  DC  20418 
Atm:  R.S.  Shane  Nat  Mat  Advsy 

University  of  New  Mexico 
Dept/Campus  Security  It  Police 
1821  Roma  N.E. 

Albuquerque,  NM  87106 
Atm:  W.W.  Grannemann 
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University  of  New  Meidco 
Elec.  Ekigr.  It  Computer  Sci.  Dept, 
Albuquerque,  NM  87131 
Attn:  Harold  Southward 

Northrop  Corporation 
Electronic*  Division 
2301  West  120th  St. 

Hawthorne,  CA  90250 
Attn:  Boyce  T,  Ahlport 
George  H.  Towner 
Vincent  R.  DeMartino 

Northrop  Corporation 
Research  and  Technology  Center 
3401  West  Broadway 
Hawthorne,  CA  90250 
Attn:  David  N.  Pocock 
J.R.  Sr  our 

Physics  International  Company 
2700  Merced  Street 
San  Leandro,  CA  94577 
Attn:  DOC  CON/Chas.  H.  Stalling. 
DOC  CON/John  H.  Huntington 

RID  Associates 
P.O.  Box  96  9 5 
Marina  del  Rey,  CA  90291 
Attn:  S,  Clay  Rogers 

Raytheon  Company 
Hartwell  Road 
Bedford,  MA  01730 
Attn:G.H.  Josht,  Radar  Sys  Lab 


RCA  Corporation 

Government  9y stems  Division 

Astro  Electronics 

P.O.  Box  800,  Locust  Corner 

East  Windsor  Township 

Princeton,  NJ  08540 

Attn:  George  J.  Brucker 

RCA  Corporation 

David  Sarnoff  Research  Center 

P.O.  Box  432 

Princeton,  NJ  08540 

Attn:  K.H.  Zalninger 

Rensselaer  Polytechnic  Institute 
P.O.  Box  965 
Troy,  NY  12181 
Attn:  Ronald  J.  Gutmann  (U) 

Research  Triangle  Institute 
P.O.  Box  12194 

Research  Triangle  Park,  NC  27709 
Attn:  Sec  Off/Eng  Dtv, 

M.  Simona,  Jr. 


Rockwell  International  Corporation 
P.O.  Box  3105 
Anaheim.  CA  92803 
Attn:  James  F.  Bell  HA10 

Geo.  C.  Messenger  FB61 
Donald  J.  Stevens  FA70 
K.F.  Hull 
N.J.  Rudie  FA53 

Rockwell  International  Corporation 
Collins  Divisions 
400  Collins  Rd  NE 
Cedar  Rapids,  LA  52406 
Attn:  Dennis  Sutherland 

Sanders  Associates,  Inc. 

95  Canal  Street 

Nashua,  NH  03060 

Attn:  Moe  L.  Aitel  NCA1-3236 

Science  Applications  Inc. 

P.O.  Box  2351 
La  Jolla,  CA  92038 
Attn:  Larry  Scott 

J.  Robert  Beyster 

Science  Applications,  Inc. 

Huntsville  Division 

2109  W.  Clinton  Ave.,  Suite  700 

Huntsville,  AL  35805 

Attn:  Noel  R.  Byrn 

Science  Applications,  Inc, 

2680  Hanover  Street 
Palo  Alto,  CA  94303 
Attn:  Charles  Stevens 

Science  Applications,  Inc, 

8400  Westpark  Drive 
McLean,  VA  22101 
Attn:  William  L.  Chadsey 

Simulation  Physics,  Inc. 

P.O.  Box  D 
Bedford,  MA  01730 
Attn:  Roger  G.  Little 

The  Singer  Company  (Data  Sys) 

150  Totowa  Rd. 

Wayne,  JN  07470 
Attn:  Tech  Info  Center 

The  Singer  Company 
Security  Manager 
1150  McBride  Avenue 
Little  Falls.  NJ  07424 
Attai:  I.  Goldman,  fhg,  Mgmt. 

Sperry  Rand  Corporation 
Sperry  Division 
Marcus  Avenue 
Greek  Neck,  NY  11020 
Attn:  Charles  L.  Craig  EV 
Paul  Marafflno 


Stanford  Research  Institute 
333  Raven swood  Avenue 
Meno  Park,  CA  94025 
Attn:  Philip  J.  Dolan 

Stanford  Research  Institute 
306  Wynn  Drive,  NW 
Huntsville,  AL  35805 
Atm:  MacPherson  Morgan 

Sunetrand  Corporation 
4751  Harrison  Avenue 
Rockford.  IL  61101 
Atm:  Curtis  B.  White 

Texas  Instruments,  Inc. 

P.O.  Box  6015 

Dallas,  TX  75222 

Atm:  D.J.  Mams  MS  72 

TRW  Defense  1 Space  Sys  Group 
One  Space  Park 
Redondo  Beach,  CA  90278 
Atm:  O.E.  Adams  Rl-1144 

Tech  Info  Center /S- 1930 
R.M.  Webb  R1  *2410 
R.K.  Plebuch  R 1-2078 
H.H.  Holloway  Rl-2036 

TRW  Defense  h Space  Sys  Group 
P.O.  Box  1310 
San  Bernardino,  CA  92402 
Atm:  R.  Kitter 
F.B.  Fay 

Earl  W.  Allen  520/141 

Vought  Corporation 

P.O.  Box  5907 

Dallas,  TX  75222 

Atm:  Technical  Data  Center 

Westinghouae  Electric  Corporation 
Defense  A Electronis  Systems  Ctr 
P.O.  Box  1693 

Baltimore  - Wa  shington  Inti  Airport 

Baltimore,  MD  21203 

Atm:  Henry  P,  Kalapaca  MS  3525 
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